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Hypoglycosylation is a common characteristic of dystroglycanopathy, which is a group of congenital
muscular dystrophies. More than ten genes have been implicated in a-dystroglycanopathies that are
associated with the defect in the O-mannosylation pathway. One such gene is GTDC2, which was recently
reported to encode O-mannose b-1,4-N-acetylglucosaminyltransferase. Here we show that GTDC2 gener-
ates CTD110.6 antibody-reactive N-acetylglucosamine (GlcNAc) epitopes on the O-mannosylated a-dys-
troglycan (a-DG). Using the antibody, we show that mutations of GTDC2 identified in Walker–Warburg
syndrome and alanine-substitution of conserved residues between GTDC2 and EGF domain O-GlcNAc
transferase resulted in decreased glycosylation. Moreover, GTDC2-modified GlcNAc epitopes are localized
in the endoplasmic reticulum (ER). These data suggested that GTDC2 is a novel glycosyltransferase cat-
alyzing GlcNAcylation of O-mannosylated a-DG in the ER. CTD110.6 antibody may be useful to detect
a specific form of GlcNAcylated O-mannose and to analyze defective O-glycosylation in a-
dystroglycanopathies.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Congenital muscular dystrophies (CMDs) are a heterogeneous
group of inherited neuromuscular disorders characterized by
hypotonia and weakness at birth or in early infancy with variable
clinical manifestations of the eye and brain. A common subgroup
within the CMDs is the a-dystroglycanopathy characterized by
decreased functional glycosylation of a-dystroglycan (a-DG)
[1,2]. After post-translational glycosylation in the endoplasmic
reticulum (ER) and Golgi apparatus, a-DG is cleaved into two non-
covalently associated proteins, namely, a-DG and b-dystroglycan
(b-DG) [3–5]. a-DG binds to several extracellular matrix compo-
nents, including laminin-a2 and other ligands harboring laminin-
G domain, [5,6] whereas b-DG is a transmembrane protein and is
anchored to the cytoskeleton by the dystrophin complex [4].
Precise glycosylation of a-DG is critical for its function as an extra-
cellular matrix receptor in the skeletal muscle as well as in many
tissues such as the epithelia, eye, and central nervous system [7–9].

a-Dystroglycanopathy includes a broad spectrum of clinically
related diseases such as Walker–Warburg syndrome (WWS),
muscle–eye–brain disease, Fukuyama-type congenital muscular
dystrophy, congenital muscular dystrophy type 1C, and limb-girdle
muscular dystrophy type 2I. Hypoglycosylation of a-DG is a
hallmark of these disorders [10]. a-dystroglycanopathies have
been linked to mutations in the following 15 genes: Protein
O-mannosyltransferase 1 (POMT1) [11], Protein O-mannosyltrans-
ferase 2 (POMT2) [12], Protein O-mannose b-1,2-N-acetylglucos-
aminyltransferase (POMGNT1) [13], Fukutin [14], Fukutin-related
protein (FKRP) [15], like-acetylglucosaminyltransferase (LARGE)
[16], Dolichyl-phosphate mannosyltransferase 2 (DPM2) [17], Doli-
chyl-phosphate mannosyltransferase 3 (DPM3) [18], Dolichol
Kinase [19], Isoprenoid Synthase Domain Containing (ISPD)
[20–23], Glycosyltransferase-like domain containing 2 (GTDC2)
[24], b-1,3-N-acetylgalactosaminyltransferase 2 (B3GALNT2) [25],
b-1,3-N-acetylglucosaminyltransferase 1 (B3GNT1) [26], SGK196
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[27], and Transmembrane protein 5 (TMEM5) [23,27]. Although,
the functions of all of the above genes have not been elucidated,
currently the known function is associated to the biosynthesis of
O-mannosyl core structure, and repeating units of xylose and glu-
curonic acid mediated by LARGE activity [28,29].

GTDC2 is homologous to the recently identified EGF domain
O-GlcNAc transferase (EOGT) [30]. In this study, we investigated
the biochemical relationship between GTDC2 and EOGT, and our
data indicate that GTDC2 generates CTD110.6-reactive epitopes
on the O-mannosyl glycan in the ER. Together with a recent report
showing GTDC2 encoding for O-mannose b-1,4-N-acetylglucosami-
nyltransferase [31], our results provide a novel methodology for
detecting a specific form of GlcNAcylated O-mannose and for
analyzing defective O-glycosylation in a-dystroglycanopathies.
2. Materials and methods

2.1. Materials

A plasmid encoding mouse Notch1 EGF repeat was kindly pro-
vided by Dr. Stanley [32]. The expression construct for GTDC2
(pCMV-Sport6/GTDC2) was obtained from Invitrogen. The follow-
ing antibodies were used: rabbit anti-EOGT (Sigma), rabbit anti-
GTDC2 (Sigma), mouse anti-6xHis (Genscript), rabbit anti-myc
(Santa Cruz), mouse anti-calnexin (BD biosciences), mouse anti-
GM130 (BD biosciences), mouse anti-O-GlcNAc antibodies
(CTD110.6; Thermo Scientific), and horseradish peroxidase
(HRP)-conjugated anti-human IgG Fc antibody (Rockland). siRNAs
for GTDC2 (s39589; s39591), POMT1 (s20775; s20776), and POMT2
(s26787; s229609) were obtained from Qiagen.

2.2. Plasmid constructs

To produce myc-tagged GTDC2 construct (pSectag2/GTDC2:my-
cHis), the coding region was amplified by PCR using pCMV-Sport6/
GTDC2 as a template and cloned into the NheI and XhoI sites of
pSectag2 vector (Invitrogen). The following primers were used:
NheI-GTDC2-Fw 50-CCCCCTGCTAGCGATAGGATGCACCTCTCT-30

and XhoI-GTDC2-Rv 50- GGTCTGCTCGAGACGTGCTGCACACCAGCA-
30. In vitro mutagenesis for GTDC2 was conducted using KOD-
Plus-Mutagenesis Kit (Toyobo) using pSectag2/GTDC2:mycHis as
template.

For creating the pFUSE-a-DG-Fc construct (for the expression of
a-DG:Fc), mouse a-DG fragment was amplified by PCR and cloned
into AgeI and BglII sites of pFUSE-SEAP-Fc (Invitrogen) using Gene-
Art Seamless Cloning and Assembly Kit (Invitrogen). The following
primers were used: XmaI-DG-Fw 50-ACCTGAGATCACCGGCCCGG-
GAGGATGTCTGTGGACAAC-30 and BglII-DG-Rv 50-GGCACTCCACA-
GATCTGCCCCGAGTGATGTTCTG-30. Deletion of the a-DG:Fc
constructs and alanine-substitution to produce a-DG483[T315A/
T317A]-Fc were conducted using the KOD-Plus-Mutagenesis Kit.
a-DG[3S]-Fc construct was generated using GeneArt Seamless
Cloning and Assembly Kit (Invitrogen) so that all Thr/Ser sites
except for T315, T317, and T322 were alanine-substituted. The
plasmid encoding alanine-substituted a-DG was synthesized by
custom gene synthesis service (Genscript), and the sequence infor-
mation is available in Supplementary Text.

2.3. Cell culture, transfection, and small interfering RNA (siRNA)

HEK293T cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum
(DMEM/10% FBS). Expression vectors were transiently transfected
into HEK293T cells using polyethylenimine as described in Supple-
mentary method. Co-transfection of siRNA with plasmid constructs
was performed using Lipofectamine 2000 (Invitrogen) following
the manufacturer’s instruction.

2.4. Purification of aDG-Fc and Western blotting

For the isolation of a-DG-Fc from cell lysates, cells were lysed in
RIPA lysis buffer (Cell signaling) and the lysates were incubated
with dynabeads protein A (Invitrogen) for 1 h at 4 �C. For the puri-
fication of secreted a-DG-Fc, the culture supernatant was incu-
bated with the dynabeads protein A for 1 h at 4 �C. The
immunoprecipitates were washed extensively with 50 mM Tris–
HCl (pH 7.4), 150 mM NaCl, and 0.25% Triton X-100, and eluted
with SDS–PAGE sample buffer containing 2% SDS and 70 mM
2-mercaptoethanol.

For Western blotting, each sample was separated on a SDS–
PAGE gel, and transferred onto a PVDF membrane (Millipore).
Immunodetection was performed using an appropriate primary
antibody, followed by HRP-conjugated secondary antibody, and
enhanced chemiluminescence as described previously [33]. HRP-
conjugated anti-human IgG Fc antibody was used without second-
ary antibody for detection.

2.5. Immunostaining

HEK293T cells were fixed with 4% paraformaldehyde in phos-
phate-buffered saline (PBS) for 15 min and ice-cold methanol for
5 min. Cells were permeabilized with 0.5% Triton X-100 in PBS
for 15 min and blocked with PBS containing 5% FBS for 30 min.
Immunostaining was performed using an appropriate primary
antibody for 2 h followed by incubation with fluorescent dye-con-
jugated secondary antibody for 1 h. All samples were analyzed
using a confocal microscope (Olympus).

2.6. Glycosidase treatment

a-DG-Fc was immunoprecipitated from the culture medium
with dynabeads protein A (Invitrogen) as described above. After
elution and denaturation of the bound protein using 1� denaturing
buffer (NEB), glycosidase digestion was performed for 16 h at 37 �C
in 50 mM sodium citrate, pH 6.0, containing 1% Nonidet P-40,
protease inhibitor cocktail set I (Calbiochem), and glycosidase
mixtures. O-Glycosidase, PNGase F, sialidase, b1,4-galactosidase,
and b-N-acetylglucosaminidase were all obtained from NEB, except
for bovine kidney b-N-acetylhexosaminidase (A2415; Sigma).
3. Results

3.1. CTD110.6 detects GTDC2-modified O-mannosyl glycans

GTDC2 is highly homologous to EOGT [30,34]. Considering that
EOGT specifically O-GlcNAcylates Notch1 EGF repeats (Fig. 1A) [30]
and GTDC2 is associated with defect in the glycosylation of a-DG
[24,27], we initially postulated that GTDC2 might encode O-GlcNAc
transferase that specifically glycosylates a-DG.

To analyze the glycosylation of a-DG, the heavy-chain constant
(Fc) region of human IgG2 was fused with a-DG (a-DG-Fc).
HEK293T cells were co-expressed with GTDC2 and a-DG-Fc to iso-
late glycosylated a-DG-Fc from cell lysates. For immunodetection,
CTD110.6 antibody was used because it is widely used for the
detection of O-GlcNAcylated proteins. Compared to the a-DG-Fc
isolated from the control transfectants, immunoreactivity of
a-DG-Fc towards CTD110.6 was elevated upon GTDC2 overexpres-
sion (Fig. 1A). Conversely, downregulation of GTDC2 by siRNA
resulted in elimination of CTD110.6-reactivity (Fig. 1B), suggesting
that GTDC2 acts on a-DG to generate CTD110.6 epitope.
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Fig. 1. CTD110.6 detects GTDC2-modified O-mannosyl glycans. (A) Immunoblot analysis of the extracellular domain of Notch receptor (mN1-EGF:mycHis) or mouse a-
dystroglycan (a-DG-Fc) isolated from cell lysate of HEK293T cells co-transfected with EOGT, GTDC2, or control vector. Note that a-DG-Fc is detected by CTD110.6 antibody. (B)
a-DG-Fc isolated from cell lysate or culture supernatant of HEK293T cells co-transfected with or without GTDC2 together with indicated siRNA was analyzed by
immunoblotting with CTD110.6 antibody or anti-human Fc antibody. a-DG-Fc isolated from the culture supernatant was deglycosylated with glycosidase mixtures (O-
Glycosidase, PNGase F, sialidase, b1,4 galactosidase, and b-N-acetylglucosaminidase). (C) a-DG-Fc was isolated from cell lysate or culture supernatant of HEK293T cells co-
transfected with GTDC2. Isolated a-DG-Fc was untreated or deglycosylated with glycosidase mixtures (O-Glycosidase, PNGase F, sialidase, b1,4 galactosidase, and b-N-
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The GTDC2-modified structure could indeed be O-linked
GlcNAc or, alternatively, other epitopes on O-mannosyl glycans
could display cross-reactivity with CTD110.6 antibody. Therefore,
we addressed if O-mannosyltransferases are required for the
GTDC2 activity. Towards this end, HEK293T cells were transfected
with POMT1 or POMT2 siRNA along with a-DG-Fc construct. The
reactivity of a-DG with CTD110.6 was abolished upon downregu-
lation of POMT1/2 (Fig. 1B). Similarly, decreased CTD110.6 reactiv-
ity was observed in a-DG isolated from GTDC2-overexpressing
cells when cells were treated with siRNA for POMT1 and POMT2
(Fig. 1B). These results indicate that POMT1 and 2 are required
for the activity of GTDC2, suggesting that GTDC2 modifies the
structure on the O-mannosyl glycans.

During the course of our study, it was reported that GTDC2
encodes O-mannose b1,4-N-acetylglucosaminyltransferase [31]. A
previous study by Isono [35] suggested that CTD110.6 antibody
cross-reacts with GlcNAcb1,4GlcNAc-Asn structure. Similarly, our
results suggest that CTD110.6 antibody cross-reacts with
GlcNAcb1,4Man-Thr/Ser structure on a-DG. In contrast to a-DG
isolated from cell lysates, a-DG secreted into the culture medium
did not display any immunoreactivity towards CTD110.6 antibody
(Fig. 1C). However, after treatment with glycosidase mixtures
(O-Glycosidase, PNGase F, sialidase, and b1,4 galactosidase)
containing b-N-acetylhexosaminidase or b-N-acetylglucosamini-
dase, CTD110.6 reactivity could be retrieved (Fig. 1B–D). These
results are consistent with that GlcNAcb1,4Man-Thr/Ser structure
is further elongated by b1,3-linked GalNAc and/or mannosyl resi-
dues are further branched by b1,2-linked GlcNAc or b1,6-linked
GlcNAc [13,36].

3.2. GTDC2-dependent modification occurs on the mucin-like domain
of a-DG

Our data suggests that CTD110.6 could serve as an experimental
tool to locate GTDC2-modified sites on O-mannosylated a-DG. To
test this hypothesis, we generated two constructs, a-DG598-Fc
and a-DG483-Fc, with deletions in the C-terminal region that
end at Gln-598 and Ser-483 (Fig. 2A). As can be seen in Fig. 2B,
a-DG598-Fc and a-DG483-Fc were modified by GTDC2 and the
level was comparable with that observed for a-DG. In contrast,
a-DG[3S]-Fc mutant lacking all the Ser and Thr residues within
the mucin-like domain except for the first three Thr residues
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(315TPTPVT320), was not detectable by CTD110.6 antibody (Fig. 2C).
These data suggest that the mucin-like domain contains O-man-
nosylation sites modifiable by GTDC2. We further conducted ami-
no-terminal deletion of mucin-like domain in a-DG483 to generate
a-DG483[D315–388]–Fc and a-DG483[D315–364]–Fc (Fig. 2A).
The decreased level of modification was observed in a-DG483
[D315–364]–Fc whereas the signal was largely diminished in
a-DG483[D315–388]–Fc (Fig. 2B), suggesting that amino acids
315–388 of a-DG corresponding to the highly O-mannosylated
region was preferentially modified by GTDC2 [37]. In contrast,
alanine-substitution of LARGE targeting the TPTPV sequence
(a-DG483[T315A/T317A]) [38] resulted in the CTD110.6 reactivity
comparable with that of a-DG483 (Fig. 2C). These data suggest that
GTDC2-dependent modification sites are mainly distributed in the
O-mannosylated region and not limited to the LARGE-targeting
sequence.

3.3. Mutation of GTDC2 affects CTD110.6 reactivity

Next, we used CTD110.6 reactivity of a-DG as a measure for the
enzyme activity of GTDC2. To this end, we generated mouse GTDC2
carrying mutations found in the patients of WWS (Fig. 3A) [24] and
co-expressed with a-DG-Fc in HEK293T cells. Immunoblotting
with CTD110.6 antibody revealed that all the reported GTDC2
mutations affect the reactivity: loss of CTD110.6 reactivity was
observed in R158H and W197D mutants, and decreased reactivity
in R445D mutant lacking the C-terminal fibronectin III domain
(Fig. 3B). These results confirm the contribution of defective
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enzymatic activity as a molecular etiology of WWS and further
suggest that the fibronectin III domain is not essential for the enzy-
matic activity of GTDC2.

To further analyze the structural requirement of GTDC2 for its
enzymatic activity, conserved residues between GTDC2 and EOGT
were alanine-substituted in mouse GTDC2 (Fig. 3A). These were
then co-expressed with a-DG in HEK293T cells; our results indi-
cate that H345 and R247 contribute to the enzyme activity of
GTDC2 (Fig. 3B).
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3. 4. GTDC2-catalyzed glycosylation occurs in the ER

Finally, we attempted to analyze the subcellular localization of
GTDC2-modified O-mannosyl glycans in cultured cells. Consistent
with the recent report [31], subcellular localization of GTDC2 lar-
gely overlapped with an ER marker calnexin (Fig. 4A). Next, we
asked if GTDC2-dependent glycosylation occurs in the ER or Golgi
because of small amounts of GTDC2 localized in Golgi. To this end,
a-DG-Fc was co-transfected with GTDC2 and immunostained with
CTD110.6 antibody. In control cells expressing a-DG-Fc alone,
CTD110.6 staining was observed in the perinucleus. In contrast,
co-expression of GTDC2 resulted in immunoreactivity that coin-
cides with the ER marker calnexin (Fig. 4B). These data suggest that
GTDC2 is a novel glycosyltransferase catalyzing GlcNAcylation in
the ER.
αDG483
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+GTDC2

αDG
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intensified

Fig. 4. GTDC2-dependent modification occurs in the ER. (A) Subcellular localization
of GTDC2 was analyzed in HEK293T cells using an ER marker (calnexin; red) and
Golgi marker (GM130; red). GTDC2 is mainly localized in the ER. Bar, 20 lm. (B)
Subcellular localization of GTDC2-modified O-mannosyl glycans was analyzed in
HEK293T cells transfected with indicated aDG-Fc constructs (a-DG, a-DG[3S], a-
DG483, and a-DG[T315A/T317A]) with or without GTDC2. Note that endogenous
CTD110.6 staining was observed in the perinucleus (bottom) but did not overlap
with the ER marker calnexin (green). Bar, 20 lm. (For interpretation of color in
Figure legent, the reader is referred to the web version of this article.)
4. Discussion

In this study, we show that GTDC2, a recently reported O-man-
nose b1,4-N-acetylglucosaminyltransferase [31], synthesizes car-
bohydrate epitopes detectable by CTD110.6. The cross-reactivity
of CTD110.6 was previously reported in N-linked GlcNAc2 modified
proteins [35]. Thus, it is tempting to speculate that a common
GlcNAcb1,4-X-(Asn/Ser/Thr) structure would be recognized by
CTD110.6. Besides b1,4-linked GlcNAc, O-mannose could be modi-
fied with b1,2- or b1,6-linked GlcNAc [13,36]. GTDC2-modified
b1,4-GlcNAc is further modified to b1,3-linked GalNAc by B3GAL-
NT2 [31]. Consistent with these potential glycosylation processes,
CTD110.6-reactive GTDC2-modified structure on the secreted
a-DG was retrieved by digestion with glycosidases including
b-N-acetylhexosaminidase or b-N-acetylglucosaminidase. How-
ever, the reason for relative resistance of GTDC2-modified
structure by these glycosidases is currently not known.

This study also suggests that GTDC2 modifies a-DG in the ER. In
parallel experiments, we observed that co-expression of EOGT and
Notch1 EGF repeats also results in CTD110.6 reactivity in the ER
(Ogawa M, unpublished observation). Thus, GlcNAc transferase
activity in the ER is a common characteristic between GTDC2 and
EOGT. These enzymes do not show significant homology to other
Golgi-resident GlcNAc transferases. In contrast, GTDC2 and EOGT
share amino acid residues that contribute to the enzyme activity
of GTDC2. Thus, these conserved residues may serve for physical
association with the common donor substrate UDP-GlcNAc in a
manner distinct from Golgi-resident GlcNAc transferases. Further
structural–functional analyses of GTDC2 and EOGT will be required
to address this possibility.

Currently, no reagents are available to detect the O-mannosyl
core structure. Our results provide a novel methodology to detect
a specific form of GlcNAcylated O-mannose using CTD110.6. More-
over, the capping of O-mannose with GTDC2 allows for indirect
detection of O-mannose monosaccharide and modification sites
by CTD110.6 antibody. Thus, the reactivity of a-DG with
CTD110.6 would be a valuable measure for the biochemical charac-
terization of a-dystroglycanopathies, especially those lacking
B3GALNT2 that acts on the GTDC2-modified enzymatic products.
Acknowledgments

The authors are grateful to T. Matsuda, M. Ito, and T. Kawai for
their support during the initial phase of the project. This work was
supported in part by Grant-in-aid for Challenging Exploratory
Research (to T.O. and A.K.) from Japan Society for the Promotion
of Science and for Scientific Research on Innovative Areas (to T.O.
and H.M.) from Ministry of Education, Culture, Sports, Science
and Technology, Intramural Research Grant (23-5) for Neurological
and Psychiatric Disorders of NCNP (to T.E.), and the Takeda Foun-
dation (to T.O.).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2013.09.022.

http://dx.doi.org/10.1016/j.bbrc.2013.09.022


M. Ogawa et al. / Biochemical and Biophysical Research Communications 440 (2013) 88–93 93
References

[1] T. Toda, K. Kobayashi, S. Takeda, J. Sasaki, H. Kurahashi, H. Kano, M. Tachikawa,
F. Wang, Y. Nagai, K. Taniguchi, M. Taniguchi, Y. Sunada, T. Terashima, T. Endo,
K. Matsumura, Fukuyama-type congenital muscular dystrophy (FCMD) and a-
dystroglycanopathy, Congenit. Anom. (Kyoto) 43 (2003) 97–104.

[2] M. Brockington, F. Muntoni, The modulation of skeletal muscle glycosylation
as a potential therapeutic intervention in muscular dystrophies, Acta Myol. 24
(2005) 217–221.

[3] J.M. Ervasti, K.P. Campbell, Membrane organization of the dystrophin–
glycoprotein complex, Cell 66 (1991) 1121–1131.

[4] J.M. Ervasti, K.P. Campbell, A role for the dystrophin–glycoprotein complex as a
transmembrane linker between laminin and actin, J. Cell Biol. 122 (1993) 809–
823.

[5] O. Ibraghimov-Beskrovnaya, J.M. Ervasti, C.J. Leveille, C.A. Slaughter, S.W.
Sernett, K.P. Campbell, Primary structure of dystrophin-associated
glycoproteins linking dystrophin to the extracellular matrix, Nature 355
(1992) 696–702.

[6] J.F. Talts, Z. Andac, W. Göhring, A. Brancaccio, R. Timpl, Binding of the G
domains of laminin a1 and a2 chains and perlecan to heparin, sulfatides, a-
dystroglycan and several extracellular matrix proteins, EMBO J. 18 (1999)
863–870.

[7] M. Durbeej, E. Larsson, O. Ibraghimov-Beskrovnaya, S.L. Roberds, K.P.
Campbell, P. Ekblom, Non-muscle a-dystroglycan is involved in epithelial
development, J. Cell Biol. 130 (1995) 79–91.

[8] M. Durbeej, M.D. Henry, M. Ferletta, K.P. Campbell, P. Ekblom, Distribution of
dystroglycan in normal adult mouse tissues, J. Histochem. Cytochem. 46
(1998) 449–457.

[9] K.M. Wright, K.A. Lyon, H. Leung, D.J. Leahy, L. Ma, D.D. Ginty, Dystroglycan
organizes axon guidance cue localization and axonal pathfinding, Neuron 76
(2012) 931–944.

[10] C.M. Dobson, S.J. Hempel, S.H. Stalnaker, R. Stuart, L. Wells, O-Mannosylation
and human disease, Cell. Mol. Life Sci. (2012) 1–9.

[11] D. Beltrán-Valero de Bernabé, S. Currier, A. Steinbrecher, J. Celli, E. van
Beusekom, B. van der Zwaag, H. Kayserili, L. Merlini, D. Chitayat, W.B. Dobyns,
Mutations in the O-Mannosyltransferase gene POMT1 give rise to the severe
neuronal migration Disorder Walker–Warburg Syndrome, Am. J. Hum. Gen. 71
(2002) 1033–1043.

[12] J. van Reeuwijk, M. Janssen, C. van den Elzen, D.B.-V. de Bernabe, P. Sabatelli, L.
Merlini, M. Boon, H. Scheffer, M. Brockington, F. Muntoni, POMT2 mutations
cause a-dystroglycan hypoglycosylation and Walker–Warburg syndrome, J.
Med. Genet. 42 (2005) 907–912.

[13] A. Yoshida, K. Kobayashi, H. Manya, K. Taniguchi, H. Kano, M. Mizuno, T. Inazu,
H. Mitsuhashi, S. Takahashi, M. Takeuchi, Muscular dystrophy and neuronal
migration disorder caused by mutations in a glycosyltransferase, POMGnT1,
Dev. Cell 1 (2001) 717–724.

[14] K. Kobayashi, Y. Nakahori, M. Miyake, K. Matsumura, E. Kondo-Iida, Y. Nomura,
M. Segawa, M. Yoshioka, K. Saito, M. Osawa, An ancient retrotransposal
insertion causes Fukuyama-type congenital muscular dystrophy, Nature 394
(1998) 388–392.

[15] M. Brockington, D.J. Blake, P. Prandini, S.C. Brown, S. Torelli, M.A. Benson, C.P.
Ponting, B. Estournet, N.B. Romero, E. Mercuri, Mutations in the Fukutin-
related protein gene (FKRP) cause a form of congenital muscular dystrophy
with secondary laminin a2 deficiency and abnormal glycosylation of a-
dystroglycan, Am. J. Hum. Genet. 69 (2001) 1198–1209.

[16] C. Longman, M. Brockington, S. Torelli, C. Jimenez-Mallebrera, C. Kennedy, N.
Khalil, L. Feng, R.K. Saran, T. Voit, L. Merlini, Mutations in the human LARGE
gene cause MDC1D, a novel form of congenital muscular dystrophy with
severe mental retardation and abnormal glycosylation of a-dystroglycan,
Hum. Mol. Genet. 12 (2003) 2853–2861.

[17] R. Barone, C. Aiello, V. Race, E. Morava, F. Foulquier, M. Riemersma, C.
Passarelli, D. Concolino, M. Carella, F. Santorelli, DPM2-CDG: a muscular
dystrophy–dystroglycanopathy syndrome with severe epilepsy, Ann. Neurol.
72 (2012) 550–558.

[18] D.J. Lefeber, J. Schönberger, E. Morava, M. Guillard, K.M. Huyben, K. Verrijp, O.
Grafakou, A. Evangeliou, F.W. Preijers, P. Manta, Deficiency of dol-P-man
synthase subunit DPM3 bridges the congenital disorders of glycosylation with
the dystroglycanopathies, Am. J. Hum. Genet. 85 (2009) 76–86.

[19] D.J. Lefeber, A.P.M. de Brouwer, E. Morava, M. Riemersma, J.H.M. Schuurs-
Hoeijmakers, B. Absmanner, K. Verrijp, W.M.R. van den Akker, K. Huijben, G.
Steenbergen, Autosomal recessive dilated cardiomyopathy due to DOLK
mutations results from abnormal dystroglycan O-mannosylation, PLoS
Genet. 7 (2011) e1002427.

[20] T. Willer, H. Lee, M. Lommel, T. Yoshida-Moriguchi, D.B.V. de Bernabe, D.
Venzke, S. Cirak, H. Schachter, J. Vajsar, T. Voit, ISPD loss-of-function mutations
disrupt dystroglycan O-mannosylation and cause Walker–Warburg syndrome,
Nat. Genet. 44 (2012) 575–580.

[21] S. Cirak, A.R. Foley, R. Herrmann, T. Willer, S. Yau, E. Stevens, S. Torelli, L.
Brodd, A. Kamynina, P. Vondracek, ISPD gene mutations are a common cause
of congenital and limb-girdle muscular dystrophies, Brain 136 (2013) 269–
281.

[22] T. Roscioli, E.-J. Kamsteeg, K. Buysse, I. Maystadt, J. van Reeuwijk, C. van den
Elzen, E. van Beusekom, M. Riemersma, R. Pfundt, L.E.L.M. Vissers, Mutations in
ISPD cause Walker–Warburg syndrome and defective glycosylation of [alpha]-
dystroglycan, Nat. Genet. 44 (2012) 581–585.

[23] S. Vuillaumier-Barrot, C. Bouchet-Séraphin, M. Chelbi, L. Devisme, S. Quentin,
S. Gazal, A. Laquerrière, C. Fallet-Bianco, P. Loget, S. Odent, Identification of
mutations in TMEM5 and ISPD as a cause of severe cobblestone lissencephaly,
Am. J. Hum. Genet. 91 (2012) 1135–1143.

[24] M.C. Manzini, D.E. Tambunan, R.S. Hill, T.W. Yu, T.M. Maynard, E.L. Heinzen,
K.V. Shianna, C.R. Stevens, J.N. Partlow, B.J. Barry, J. Rodriguez, V.A. Gupta, A.K.
Al-Qudah, W.M. Eyaid, J.M. Friedman, M.A. Salih, R. Clark, I. Moroni, M. Mora,
A.H. Beggs, S.B. Gabriel, C.A. Walsh, Exome sequencing and functional
validation in zebrafish identify GTDC2 mutations as a cause of Walker–
Warburg syndrome, Am. J. Hum. Genet. 91 (2012) 541–547.

[25] E. Stevens, K.J. Carss, S. Cirak, A.R. Foley, S. Torelli, T. Willer, D.E. Tambunan, S.
Yau, L. Brodd, C.A. Sewry, L. Feng, G. Haliloglu, D. Orhan, W.B. Dobyns, G.M.
Enns, M. Manning, A. Krause, M.A. Salih, C.A. Walsh, M. Hurles, K.P. Campbell,
M.C. Manzini, U.K. Consortium, D. Stemple, Y.Y. Lin, F. Muntoni, Mutations in
B3GALNT2 cause congenital muscular dystrophy and hypoglycosylation of a-
dystroglycan, Am. J. Hum. Genet. 92 (2013) 354–365.

[26] K. Buysse, M. Riemersma, G. Powell, J. van Reeuwijk, D. Chitayat, T. Roscioli,
E.J. Kamsteeg, C. van den Elzen, E. van Beusekom, S. Blaser, R. Babul-Hirji,
W. Halliday, G.J. Wright, D.L. Stemple, Y.Y. Lin, D.J. Lefeber, H. van
Bokhoven, Missense mutations in b-1,3-N-acetylglucosaminyltransferase 1
(B3GNT1) cause Walker–Warburg syndrome, Hum. Mol. Genet. 22 (2013)
1746–1754.

[27] L.T. Jae, M. Raaben, M. Riemersma, E. van Beusekom, V.A. Blomen, A. Velds,
R.M. Kerkhoven, J.E. Carette, H. Topaloglu, P. Meinecke, Deciphering the
glycosylome of dystroglycanopathies using haploid screens for lassa virus
entry, Science 340 (2013) 479–483.

[28] L. Wells, The O-mannosylation pathway: glycosyltransferases and proteins
implicated in congenital muscular dystrophy, J. Biol. Chem. 288 (2013) 6930–
6935.

[29] K.-i. Inamori, T. Yoshida-Moriguchi, Y. Hara, M.E. Anderson, L. Yu, K.P.
Campbell, Dystroglycan function requires xylosyl- and glucuronyltransferase
activities of LARGE, Science 335 (2012) 93–96.

[30] Y. Sakaidani, N. Ichiyanagi, C. Saito, T. Nomura, M. Ito, Y. Nishio, D. Nadano, T.
Matsuda, K. Furukawa, T. Okajima, O-linked-N-acetylglucosamine
modification of mammalian Notch receptors by an atypical O-GlcNAc
transferase Eogt1, Biochem. Biophys. Res. Commun. 419 (2012) 14–19.

[31] T. Yoshida-Moriguchi, T. Willer, M.E. Anderson, D. Venzke, T. Whyte, F.
Muntoni, H. Lee, S.F. Nelson, L. Yu, K.P. Campbell, SGK196 is a glycosylation-
specific O-mannose kinase required for dystroglycan function, Science 341
(2013) 896–899.

[32] X. Hou, Y. Tashima, P. Stanley, Galactose differentially modulates lunatic and
manic fringe effects on Delta1-induced NOTCH signaling, J. Biol. Chem. 287
(2012) 474–483.

[33] A. Matsuura, M. Ito, Y. Sakaidani, T. Kondo, K. Murakami, K. Furukawa, D.
Nadano, T. Matsuda, T. Okajima, O-linked N-acetylglucosamine is present on
the extracellular domain of notch receptors, J. Biol. Chem. 283 (2008) 35486–
35495.

[34] Y. Sakaidani, T. Nomura, A. Matsuura, M. Ito, E. Suzuki, K. Murakami, D.
Nadano, T. Matsuda, K. Furukawa, T. Okajima, O-linked-N-acetylglucosamine
on extracellular protein domains mediates epithelial cell–matrix interactions,
Nat. Commun. 2 (2011) 583.

[35] T. Isono, O-GlcNAc-specific antibody CTD110. 6 cross-reacts with N-GlcNAc2-
modified proteins induced under glucose deprivation, PLoS One 6 (2011)
e18959.

[36] K.-i. Inamori, T. Endo, J. Gu, I. Matsuo, Y. Ito, S. Fujii, H. Iwasaki, H. Narimatsu, E.
Miyoshi, K. Honke, N-Acetylglucosaminyltransferase IX acts on the GlcNAcb1,
2-Mana1-Ser/Thr moiety, forming a2,6-branched structure in brain O-
mannosyl glycan, J. Biol. Chem. 279 (2004) 2337–2340.

[37] R. Harrison, P.G. Hitchen, M. Panico, H.R. Morris, D. Mekhaiel, R.J. Pleass, A.
Dell, J.E. Hewitt, S.M. Haslam, Glycoproteomic characterization of recombinant
mouse a-dystroglycan, Glycobiology 22 (2012) 662–675.

[38] Y. Hara, M. Kanagawa, S. Kunz, T. Yoshida-Moriguchi, J.S. Satz, Y.M. Kobayashi,
Z. Zhu, S.J. Burden, M.B.A. Oldstone, K.P. Campbell, Like-
acetylglucosaminyltransferase (LARGE)-dependent modification of
dystroglycan at Thr-317/319 is required for laminin binding and arenavirus
infection, Proc. Natl. Acad. Sci. 108 (2011) 17426–17431.

http://refhub.elsevier.com/S0006-291X(13)01493-9/h0005
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0005
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0005
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0005
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0010
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0010
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0010
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0015
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0015
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0020
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0020
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0020
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0025
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0025
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0025
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0025
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0030
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0030
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0030
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0030
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0035
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0035
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0035
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0040
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0040
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0040
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0045
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0045
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0045
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0050
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0050
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0055
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0055
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0055
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0055
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0055
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0060
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0060
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0060
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0060
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0065
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0065
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0065
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0065
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0070
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0070
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0070
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0070
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0075
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0075
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0075
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0075
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0075
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0080
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0080
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0080
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0080
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0080
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0085
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0085
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0085
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0085
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0090
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0090
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0090
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0090
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0095
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0095
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0095
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0095
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0095
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0100
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0100
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0100
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0100
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0105
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0105
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0105
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0105
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0110
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0110
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0110
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0110
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0115
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0115
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0115
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0115
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0120
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0120
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0120
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0120
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0120
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0120
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0125
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0125
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0125
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0125
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0125
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0125
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0130
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0130
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0130
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0130
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0130
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0130
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0135
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0135
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0135
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0135
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0140
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0140
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0140
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0145
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0145
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0145
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0150
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0150
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0150
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0150
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0155
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0155
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0155
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0155
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0160
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0160
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0160
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0165
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0165
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0165
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0165
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0170
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0170
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0170
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0170
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0175
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0175
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0175
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0180
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0180
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0180
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0180
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0185
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0185
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0185
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0190
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0190
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0190
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0190
http://refhub.elsevier.com/S0006-291X(13)01493-9/h0190

	GTDC2 modifies O-mannosylated α-dystroglycan in 
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Plasmid constructs
	2.3 Cell culture, transfection, and small interfering RNA (siRNA)
	2.4 Purification of αDG-Fc and Western blotting
	2.5 Immunostaining
	2.6 Glycosidase treatment

	3 Results
	3.1 CTD110.6 detects GTDC2-modified O-mannosyl glycans
	3.2 GTDC2-dependent modification occurs on the m
	3.3 Mutation of GTDC2 affects CTD110.6 reactivity
	3 4. GTDC2-catalyzed glycosylation occurs in the ER

	4 Discussion
	Acknowledgments
	Appendix A Supplementary data
	References


