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Background: Genetic alteration of muscle cell glycosylation in muscular dystrophy models has ameliorated disease.
Results: A high throughput screen identified a small molecule, lobeline, which altered muscle cell glycosylation and improved
laminin binding.
Conclusion: Lobeline increased abundance of sarcolemmal glycoproteins and increased laminin binding in an N-glycan-de-
pendent manner.
Significance: A novel approach revealed an unexpected role for N-glycans in muscle cell function.

Duchenne muscular dystrophy is an X-linked disorder char-
acterized by loss of dystrophin, a cytoskeletal protein that con-
nects the actin cytoskeleton in skeletal muscle cells to extracel-
lularmatrix. Dystrophin binds to the cytoplasmic domain of the
transmembrane glycoprotein �-dystroglycan (�-DG), which
associates with cell surface �-dystroglycan (�-DG) that binds
laminin in the extracellularmatrix.�-DGcanalso associatewith
utrophin, and this differential association correlates with spe-
cific glycosylation changes on �-DG. Genetic modification of
�-DG glycosylation can promote utrophin binding and rescue
dystrophic phenotypes in mouse dystrophy models. We used
high throughput screening with the plant lectin Wisteria flori-
bunda agglutinin (WFA) to identify compounds that altered
muscle cell surface glycosylation, with the goal of finding com-
pounds that increase abundance of �-DG and associated sar-
colemmal glycoproteins, increase utrophin usage, and increase
laminin binding. We identified one compound, lobeline, from
the Prestwick library of Food and Drug Administration-ap-
proved compounds that fulfilled these criteria, increasingWFA

binding to C2C12 cells and to primary muscle cells from wild
type andmdxmice.WFA binding and enhancement by lobeline
required complex N-glycans but not O-mannose glycans that
bind laminin.However, inhibiting complexN-glycanprocessing
reduced laminin binding to muscle cell glycoproteins, although
O-mannosylation was intact. Glycan analysis demonstrated a
general increase in N-glycans on lobeline-treated cells rather
than specific alterations in cell surface glycosylation, consistent
with increased abundance of multiple sarcolemmal glycopro-
teins. This demonstrates the feasibility of high throughput
screening with plant lectins to identify compounds that alter
muscle cell glycosylation and identifies a novel role for N-gly-
cans in regulating muscle cell function.

Duchennemuscular dystrophy (DMD)3 is an X-linked reces-
sive disorder resulting from loss of expression of functional
dystrophin, a cytoplasmic protein that links the actin cytoskel-
eton to the extracellular matrix via a complex of plasma mem-
brane glycoproteins termed the dystrophin-glycoprotein com-
plex (DGC) (1, 2). Although dystrophin is the primary linker
protein between actin and �-dystroglycan (�-DG), a compo-
nent of theDGCat themuscle cell sarcolemma, utrophin fulfills
this function at the neuromuscular junctions of muscle cells,
creating the utrophin-glycoprotein complex (UGC) (3, 4).
Thus, a critical goal in development of novel therapies forDMD
is identification of strategies to enhance utrophin expression
and substitute utrophin for dystrophin as the cytoskeletal linker
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molecule for �-DG at the sarcolemma (5). Factors that regulate
selective association of dystrophin versus utrophinwith the gly-
coprotein complex are not well understood; however, it has
been demonstrated in several cellular and animal models that
altering glycosylation of DG is sufficient to promote utilization
of utrophin over dystrophin (6–10). Similarly, enhanced utro-
phin association with �-DG (e.g. inmdxmice that lack dystro-
phin) also correlates with altered glycosylation of DG (6, 10).
Thus, understanding factors that regulateDGglycosylation and
identification of novel approaches to alter muscle cell glycosyl-
ationmay reveal new therapeutic strategies for enhancingmus-
cle survival and function in DMD patients.
DG is composed of two subunits, �-DG, which is a trans-

membrane protein with a cytoplasmic domain that interacts
with dystrophin/utrophin, and �-DG, a soluble subunit that
non-covalently associates with �-DG on the exterior face of the
plasma membrane (1, 11). �-DG in muscle cells can be differ-
entially glycosylated;�-DG that primarily binds the plant lectin
wheat germ agglutinin (WGA) is most abundant at the sarco-
lemma and preferentially associates with dystrophin, whereas
�-DG that primarily binds the plant lectinWisteria floribunda
agglutinin (WFA) ismost abundant at the neuromuscular junc-
tion and preferentially associates with utrophin (6).WGA pref-
erentially recognizes the saccharides N-acetylglucosamine and
sialic acid, although the specific glycans on DG that bindWGA
are not known. WFA preferentially recognizes the saccharide
N-acetylgalactosamine (GalNAc), and although the precise gly-
cans that bind WFA on DG at the neuromuscular junction are
also not known, Martin and colleagues (6) found that
overexpression of a specific glycosyltransferase can modify DG
to promote WFA binding. This glycosyltransferase, Galgt2,
(also known as CTGalNAcT), adds a GalNAc residue to the
SA�2,3Gal�1,4GlcNAc trisaccharide, to create the tetrasac-
charide SA�2,3Gal(�1,3GalNAc)�1,4GlcNAc, a structure also
known as the Sda blood group antigen. Overexpression of the
Galgt2 enzyme in mdx mice lacking dystrophin, as well as in
mouse models of congenital muscular dystrophy 1A and limb
girdle muscular dystrophy 2D (6, 8, 9), resulted in increased
expression of the Sda tetrasaccharide, detected with specific
antibodies, as well as increased reactivity of cells withWFA and
increased association of utrophin with DG. Overexpression of
the Galgt2 enzyme also increased the abundance of other com-
ponents of the muscle cell glycoprotein complex, including �-
and �-DG, as well as �-, �-, and �-sarcoglycans that associate
with and stabilize DG. Galgt2 overexpression ameliorated the
dystrophic phenotype in these mouse models, possibly by pro-
moting utrophin association with and/or stabilization of sar-
colemmal DG, although the precise mechanisms of muscle cell
rescue remain unknown.
Several aspects of �-DG glycosylation have been studied

extensively; �-DG bears multiple O-mannose glycans that are
modified by the product of the Large gene, and these unusual
glycans on �-DG are essential for binding to laminin in the
extracellularmatrix (12–14). TheO-mannose glycans as well as
multiple mucin-type O-glycans are found on the linear mucin
domain of �-DG that joins the globular N-terminal and C-ter-
minal domains. �-DG also has three N-glycosylation sites, one
on the N-terminal globular domain and two on the C-terminal

globular domain, and�-DGhas oneN-glycosylation site as well
(15). Proper glycosylation of the DG precursor polypeptide is
critical for proteolytic cleavage into the �- and �-subunits (16).
Modification of glycans on�-DG in cells overexpressingGalgt2
has been described, although the types of glycans on �-DG that
bear the Sda tetrasaccharides created by Galgt2 overexpression
were not identified.
The goal of the present study was to identify small molecules

that could alter glycosylation of membrane glycoproteins on
skeletal muscle myotubes. To achieve this goal, we developed a
high throughput screening assay of cultured murine myotubes
using WFA as an inexpensive tool to screen libraries of com-
pounds for the ability to alter glycosylation. One critical advan-
tage of this approach was that it focused on the phenotype
(i.e. increased binding of WFA) rather than on selecting for
increased expression of a specific glycosyltransferase or glyco-
protein or a specific effect on glycoprotein processing. Screen-
ing the Prestwick library of �1200 Food and Drug Administra-
tion (FDA)-approved compounds (17), we identified a single
compound that 1) increasedWFA binding to cells, 2) increased
abundance of several sarcolemmal glycoproteins and associ-
ated binding partners, and 3) increased laminin binding to cel-
lular proteins. Surprisingly, we found that the increased WFA
binding required N-glycans but not O-mannose glycans. This
study identifies a novel role for N-glycans in DG stabilization
and promotion of laminin binding and suggests new ap-
proaches for developing therapies to improve muscle cell sur-
vival and function in muscular dystrophy.

EXPERIMENTAL PROCEDURES

Animals and Cells—Wild type and mdx breeders were pur-
chased from Jackson Laboratories (Bar Harbor,ME), and tissue
sections from 8-week-old males were analyzed. �7 integrin-
deficient mice were a generous gift from Dean J. Burkin (Uni-
versity of Nevada, Reno, NV) (18). Akt transgenic mice (19)
were a generous gift from Kenneth Walsh (Boston University).
Activation of the Akt transgene was accomplished by doxycy-
cline administration as described previously (19). All proce-
dures were carried out in accordance with guidelines set by the
UCLA Institutional Animal Care and Use Committee.
Murine C2C12 cells were obtained from the American Type

CultureCollection and cultured in growthmedium (Dulbecco’s
modified Eagle’s medium (DMEM), Hepes, sodium pyruvate,
Glutamax, penicillin/streptomycin (Invitrogen) with 10% fetal
bovine serum (FBS, Hyclone)). Myoblast differentiation into
myotubes was initiated by replacing growth medium with dif-
ferentiation medium, substituting 2% equine serum (Hyclone)
for FBS. For primary cultures of murine myoblasts, cells were
derived from limbmuscle of neonatalmdx and C57/BL6J mice.
Cells were grown on plates coated with extracellular matrix
from Engelbreth-Holm-Swarm (EHS)murine sarcoma (Sigma-
Aldrich) and maintained in Ham’s F-10 nutrient mixture
(Mediatech) Hepes, sodium pyruvate, Glutamax, penicillin/
streptomycin with 20% FBS. DMD patient dermal fibroblasts
weremaintained in growthmedium (DMEMwith 15% FBS, 1%
non-essential amino acids, penicillin/streptomycin), and fibro-
blasts were immortalized with hTERT in a lentiviral vector and
reprogrammed with a tamoxifen-inducible lentiviral MyoD
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(20) (kind gift of Jeffrey S. Chamberlain, University ofWashing-
ton, Seattle,WA). Reprogrammed fibroblasts were seeded onto
laminin plates in growth medium, and the next day, tamoxifen
(Sigma) was added in growth medium. The following day,
fusion medium was added (2% equine serum, 2% insulin-trans-
ferrin-selenium (Sigma), 1:1 DMEM/Ham’s F-10) with 1 �M

tamoxifen.
Lectin Binding toMuscle Sections—Quadricepsmuscles were

mounted in 10.2% polyvinyl alcohol, 4.3% polyethylene glycol,
flash frozen in liquid nitrogen-cooled isopentane, and stored at
�80 °C. Transverse sections (8 �m) were mounted on posi-
tively charged glass slides (Thermo Fisher Scientific). Sections
were brought to room temperature for 15min, blockedwith 3%
bovine serum albumin (BSA) in PBS for 30 min at room tem-
perature, and then blocked with an avidin/biotin blocking kit
(Vector Laboratories). Biotinylated WFA (B-1355, Vector),
1:1500 in PBS, was added to sections at 4 °C overnight, and
sections were washed three times with PBS. Bound WFA was
detected with fluorescein-avidin D (A-2001, Vector), 1:1500 in
PBS, for 1 h at room temperature. Parallel sections were incu-
bated with fluorescein-avidin alone as a control. Sections were
mounted in VECTASHIELD (Vector) to prevent photobleach-
ing. Bound WFA was visualized on a fluorescent microscope
(Axioplan 2, Carl Zeiss, Inc.) equipped with a Plan Neofluar
�40, numerical aperture 1.3 oil differential interference con-
trast objective, and images were captured using Axiovision Rel
4.5 software (Carl Zeiss) under identical conditions.
High Throughput Screening and WFA Binding Assay—

C2C12 cells were plated in growth medium at 500 cells/well in
384-well white clear bottom plates (Thermo Fisher Scientific)
in 50 �l using a Multidrop 384 (Thermo Scientific). On day 3,
compounds from the Prestwick library (Prestwick Chemicals)
were added using a Biomek FX (Beckman Coulter) equipped
with a V&P custom pin tool, resulting in a final drug concen-
tration of 10 �M. On day 4, growthmediumwas removed using
an ELX 405 Select (Biotek), differentiation medium was added,
and compounds from the Prestwick library were added again.
Vehicle control (dimethyl sulfoxide (DMSO)) was part of the
plate layout for each screened plate. Liquid handling during the
screening procedure was validated to a coefficient of variation
of 7%over the entire plate, and duplicateswere run.After 4 days
(day 8 of culture), medium was removed as above, plates were
washed twice with PBS with 1% BSA (Gemini BioProducts)
(PBA), and cells were fixed with 15 �l of 2% paraformaldehyde
in PBS at 4 °C overnight. Plates were washed three times and
blocked at 4 °C overnight in 100 �l of PBA. PBA was partially
removed leaving 50 �l, and 15 �l of biotin-conjugated lectin at
2 �g/ml (Zymed Laboratories Inc.) or 2 �g/ml biotin-BSA
(Vector Laboratories) in PBS supplemented with 0.1% Tween
20 and 1% BSA (PBSTB) was added and incubated at 4 °C over-
night. Plates were washed three times with PBSTB and incu-
bated with streptavidin-conjugated HRP at 1 �g/ml in PBSTB
for 1 h at room temperature. Plates were washed three times
with PBSTB, and 40 �l of SuperSignal West Pico chemilumi-
nescent substrate was added (Thermo Fisher Scientific). Plates
were read on a Victor 3 V plate reader (PerkinElmer Life Sci-
ences) with Wallac software. Average binding to biotin-BSA
was subtracted from the value for biotin-lectin binding for each

well, and results were expressed as ratios for each compound
versus DMSO. A cut-off value of 2 was used to identify hits in
the library in duplicate samples.
For confirmation of hits from the library screen, the indi-

cated compounds were added over a range of concentrations to
C2C12 cells in duplicate samples in 96-well plates on the same
day that differentiation medium was added. WFA binding was
measured 48 h later. Thus, in the confirmatory assay, WFA
binding was measured 2 days after the addition of drug, com-
pared with 5 days after the first addition of drug in the screen.
As a positive control, C2C12 cells transfected with the
pFLAGCTneo vector containing Galgt2 cDNA (a kind gift of
Paul Martin (Ohio State University, Columbus, OH) and John
B. Lowe (Case Western Reserve University, Cleveland, OH))
were used to detect increased WFA binding compared with
cells transfected with vector alone.
Immunoblotting and Lectin Blotting—To analyze glycopro-

tein abundance in whole cell lysates, DMSO- and lobeline-
treated muscle cells were washed with PBS and scraped into
ice-cold lysis buffer (25mMTris-HCl, pH 7.6, 150mMNaCl, 1%
Nonidet P-40, 1% sodium deoxycholate, and 0.1% SDS) with
phosphatase inhibitors (1 mM sodium orthovanadate, 100 nM
okadaic acid, 5 nM microcystin-L-arginine) and protease inhib-
itors (0.6 �g/ml pepstatin A, 0.5 �g/ml aprotinin, 0.5 �g/ml
leupeptin, 0.75mM benzamidine, and 0.1mM PMSF). Homoge-
nates were solubilized by rotating at 4 °C for 1 h. After clarifi-
cation by centrifugation at 15,000 � g for 15 min, cell lysates
were stored at �80 °C. Protein concentrations were deter-
mined using the DC protein assay (Bio-Rad). Equal concen-
trations (60 �g) of protein samples were resolved by 12%
isocratic or 4–20% gradient SDS-PAGE and transferred to
nitrocellulose membranes (Millipore). Primary antibodies
against laminin (L9393, 1:5000; Sigma), agrin (ab12358,
1:100; Abcam), �1D integrin (MAB1900, 1:100; Chemicon),
dysferlin (sc-16635, 1:200; Santa Cruz Biotechnology,
Inc.), dystrophin (MANDYS1, 1:10; Developmental Studies
Hybridoma Bank), utrophin (MANCHO3, 1:200; Developmen-
tal Studies Hybridoma Bank), �-DG (IIH6C-4, 1:500, Santa
Cruz Biotechnology, Inc.),�-DG (MANDAG2, 1:250; Develop-
mental Studies Hybridoma Bank), �-SG (VP-A105, 1:100; Vec-
tor Laboratories), �-SG (VP-B206, 1:100; Vector Laboratories),
�-SG (VP-G803, 1:100; Vector Laboratories), sarcospan (sc-
16760, 1:200; Santa Cruz Biotechnology, Inc.), caveolin-3
(ab2912, 1:1000; Abcam), and glyceraldehyde-3-phosphate
dehydrogenase (MAB374, 1:50,000; Chemicon)were incubated
at 4 °C while shaking for 18 h. HRP-conjugated anti-rabbit IgG
(GE Healthcare), anti-mouse IgG (GE Healthcare), anti-goat
IgG (Santa Cruz Biotechnology, Inc.), and IgM (Upstate Signal-
ing) secondary antibodies were used at 1:2000 dilution. All
immunoblots were developed using enhanced chemilumines-
cencewith SuperSignalWest Pico chemiluminescent substrate.
For enrichment in GalNAc modified proteins, C2C12 cells

were lysed in ice-cold Nonidet P-40 lysis buffer (50 mM Tris-
HCl, pH 7.4, 1% Nonidet P-40, 150 mM NaCl, 5 mM EDTA, 1
mM PMSF, 10 �g/ml aprotinin, 10 �g/ml leupeptin), and pri-
mary mouse muscle cells were lysed as above. Lysates (5 mg of
total protein) were added to 1ml of agarose-WFA (Vector Lab-
oratories) overnight at 4 °C. Beads were washed with cold lysis
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buffer, and bound proteins were elutedwith 0.3 MGalNAc (Sig-
ma-Aldrich) and concentrated by filter centrifugation (Centri-
con Ultracel, Millipore) at 4000 � g for 20 min. C2C12 eluates
were separated on 4–12%NuPAGEgels (Invitrogen) and trans-
ferred to PVDF membranes (Bio-Rad). Wild type and mdx
muscle cell eluates were separated on 4–20% SDS-polyacryl-
amide gels and transferred to nitrocellulose membranes (Milli-
pore). Membranes were probed with biotinylated WFA
(1:5000; Vector Laboratories) overnight at 4 °C or the indicated
antibodies, as above. Blots were washed with TBST (10 mM

Tris-HCl, pH 7.4, 150mMNaCl, 0.2% Tween 20) and incubated
with HRP-streptavidin (1:10,000; Bio-Rad), HRP-avidin D
(1:2000; Vector Laboratories), or HRP-anti-IgM, and bound
reagent was detected by enhanced chemiluminescence.
Laminin Overlay Assay—C2C12, wild type, or mdx myo-

blasts were differentiated in differentiation medium with 100
�M lobeline or DMSO control, with or without DMNJ, for 72 h.
Cells were collected by scraping and lysed in Nonidet P-40 lysis
buffer, and lysates were separated on a 4–12% BisTris gel and
immunoblotted, as above.Membraneswere blocked in 5%non-
fat dry milk in laminin binding buffer (10 mM triethanolamine,
140 mM NaCl, 1 mM CaCl2, and 1 mM MgCl2) and incubated
sequentially with 5 �g/ml of EHS laminin, rabbit anti-laminin
(1:1000), and goat anti-rabbit HRP (1:3000). Bound antibody
was detected by enhanced chemiluminescence.
Microarray Analysis of Lobeline-treated Versus DMSO-

treated Cells—Whole transcriptome analysis was performed in
the UCLA DNA Microarray Facility using Mouse 430_2.0
arrays and 3� IVT Express Kit using the manufacturer’s recom-
mended protocols for RNA amplification and labeling. Gene
expression measurements were calculated using RMA and a
standard reference RNA panel, as described previously (21).
Pairwise comparisons of gene expression were performed in
custom R scripts to measure -fold differences.
siRNA Reduction of Glycosyltransferases—Large, protein O-

mannosyltransferases 1 and 2 (POMT1/POMT2), and control
scrambled siRNAs were obtained from Santa Cruz Biotechnol-
ogy, Inc. C2C12 cells were transfected using the Amaxa
Nucleofector II and Nucleofector V kit (Amaxa), following the
manufacturer’s recommendations. C2C12 myoblasts were
transfected 5 h prior to the addition of differentiation medium
with 100 �M lobeline or vehicle control. After 48 h in differen-
tiation medium, cells were fixed for WFA binding or were col-
lected for lectin blotting or immunoblotting, as above.
Inhibitor Treatment and Lectin Binding by Flow Cytometry—

Deoxymannojirimycin (2 mM) (DMNJ) was added to C2C12
myoblasts 24 h prior to the addition of differentiation medium.
Differentiation medium with lobeline or buffer control was
added for 48 h, and cells were analyzed by lectin binding in
plates or by flow cytometry. For flow cytometry, adherent cells
were lifted by gentle agitation in PBS/EDTA, pH 8.0. Cells were
dispersed by pipetting. 4 � 104 cells/sample were incubated
with biotinylated BSA, as control, or biotinylated PHA (8
�g/ml), and bound lectin was detected with streptavidin-con-
jugated FITC (30 �g/ml). Cells were analyzed on a FACScan
flow cytometer (BD Biosciences).
Glycan Release and Permethylation—Isolation and per-

methylation of N-glycans was performed as described previ-

ously (22). Analysis of N-glycans was performed in duplicate,
mixing control- and lobeline-treated cells at a 1:1 ratio based
upon protein concentration. N-Glycan analysis was performed
in duplicate with cell lysates prepared from control C2C12 cells
grown in regular L-glutamine 14N or amide-15Nmediummixed
1:1 with lobeline-treated C2C12 cells grown in regular L-glu-
tamine 14N or amide-15N medium. Samples were subjected to
delipidation using a chloroform/methanol/water extraction.
The resulting protein pellets were digested with trypsin, and
N-glycans were released with protein:N-glycosidase F over-
night at 37 °C. ReleasedN-glycanswere separated from the pep-
tide mixture based upon the inability to bind to a C18 reverse
phase column (Mallinckrodt Baker). The N-glycans collected
from each sample mixture were permethylated to facilitate
analysis by mass spectrometry. Following permethylation, the
N-glycanswere dried to dryness in a SpeedVac prior to analysis.
GlycanAnalysis—N-Glycanswere analyzed as described pre-

viously (22, 23). Briefly, permethylated N-glycans were resus-
pended in 50 �l of 100% methanol. For analysis, 30% of the
resuspendedN-glycanswere set aside, and 35�l of 1mMNaOH
in 50% methanol was added. The total sample volume of 50 �l
was directly infused into anOrbitrapmass spectrometer (Ther-
moFisher) at a syringe flow rate of 0.4 �l/min. A full MS profile
of all released and permethylated N-glycans was acquired over
the 200–2000 m/z range. MS/MS fragmentation spectra were
acquired using a total ion mapping method, where parent mass
was increased stepwise by 2.0m/zwithin overlapping collection
windows with an isolation width of 2.8 m/z. The resulting
MS/MS spectra were manually interpreted, and glycan struc-
tures were assigned based upon fragmentation rules and Gly-
coworkbench (24). For quantification of glycans in the 1:1 mix-
ture of the heavy and light N-glycans as measured by protein
concentration, in-house software was used. The representation
and nomenclature used to represent the observed N-glycan
structures shown in the figures and Table 1 is in accordance
with guidelines outlined by the Consortium of Functional
Glycomics.

RESULTS

As mentioned above, DG on skeletal muscle cells can be dif-
ferentially glycosylated. In normal muscle, DG localized at the
sarcolemma preferentially binds WGA, whereas DG localized
at neuromuscular junctions preferentially bindsWFA (6). Sub-
stitution of utrophin for dystrophin to ameliorate pathophysi-
ology in specific models of muscular dystrophy coincides with
an increase in the WFA-binding fraction of DG and increased
binding ofWFA to the sarcolemma (6). In dystrophin-deficient
mdx muscle, WFA binding to skeletal muscle DG is substan-
tially increased, consistent with the increased substitution of
utrophin for dystrophin around the extrasynaptic sarcolemma.
This is shown in Fig. 1,A andB, demonstratingWFAbinding to
quadriceps muscle sections from wild type andmdxmice; note
the robustWFAbinding completely surrounding themyofibers
inmdxmice, compared with the sparse, punctuate WFA bind-
ing to neuromuscular junctions in wild type muscle. A similar
increase in WFA binding is seen in muscle sections from mice
overexpressing constitutively active Akt (Fig. 1D), which pro-
motes utrophin usage in skeletalmuscles of wild typemice (19).
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Thus, increasing utrophin usage in skeletal muscle correlates
with increased WFA binding to the sarcolemma. Importantly,
WFA binding to muscle from mice lacking the �7 integrin
chain is comparable with that observed for binding to wild type
muscle (Fig. 1,A andC), indicating that�7 integrin is not essen-
tial for WFA binding to skeletal muscle.
We thus designed a high throughput screen to identify com-

pounds that would increase WFA binding to cultured mouse
myotubes derived from C2C12 cells. We reasoned that any
pharmacologic effect that increased WFA binding could result
in a concomitant increase in utrophin usage in muscle cells, a
long term goal in developing novel therapies for DMD. The
screen wasmechanism-blind, in that we onlymeasured the end
point of increased WFA binding; for example, increased WFA
binding could be due to altered expression of glycosyltrans-
ferases or of specific glycoprotein acceptors or to increased
transport or decreased turnover ofWFA binding glycoproteins
at the cell surface. For the screen, C2C12 myoblasts were cul-
tured in 384-well plates in growth medium for 2 days, and then
a single concentration of test compounds (10 �M) or vehicle
was added to duplicate wells for an additional day. On day 3,
differentiation medium containing the test compound was
added to the cells, and WFA binding to fused myotubes was
measured by chemiluminescence after 4 days.We screened the
Prestwick library of �1200 FDA-approved drugs, and an
increase in WFA binding of 2-fold or greater was considered a
positive response. As a control, we used C2C12 cells stably
overexpressing Galgt2 to demonstrate that we could detect
increased WFA binding to myotubes derived from these cells
compared with C2C12 transfected with vector alone (data not
shown).
Table 1 lists the six compounds that gave a �2-fold increase

in WFA binding to C2C12 myotubes in two consecutive
screens. Importantly, none of the six compounds have similar

known mechanisms of action; nor do they group into common
families based on structure.We reassayed the six compounds in
confirmatory assays to determine dose-response characteris-
tics over a range of concentrations from 10 to 100�M.Only one
of the six compounds, lobeline, demonstrated a consistent
dose-dependent effect onWFA binding to C2C12 myotubes in
the confirmatory assay format. As shown in Fig. 2A, lobeline
treatment increased WFA binding to C2C12 myotubes 2–4-
fold compared with vehicle control. The maximum increase in
WFA binding was observed at a concentration of 100 �M;
although we observed no effect of lobeline onmyotube viability
at or below this concentration, we did detect loss of C2C12
myotube viability at higher concentrations of lobeline (data not
shown), so a maximal concentration of 100 �M was used for
experimentswithC2C12 cells. Althoughweobserved increased
WFA binding to lobeline-treated myotubes, we did not detect
increased binding of two other lectins, peanut agglutinin and
phytohemagglutinin (PHA) in the screen (data not shown).
We confirmed the effect of lobeline on primary myoblasts

cultured from limb muscles of neonatal wild type and mdx
mice. As described for C2C12 cells, lobeline was added tomyo-
blast cultures at the indicated concentrations at the time that
differentiation was induced, as in the confirmatory assays. Two
days after incubation in the presence or absence of lobeline,
WFA binding was measured. As shown in Fig. 2, B and C, lobe-
line increased the binding of WFA to both wild type and mdx
myotubes, with the maximal effect observed at 200 �M; this
concentration had no effect on the viability of primary muscle
cells (data not shown). Thus, lobeline increased binding of
WFA tomdxmyotubes lacking dystrophin, indicating that the
effect of lobeline was not dystrophin-dependent, as well as to
cultured C2C12 cells and wild type myotubes.
In designing the screen, we reasoned that, if changes in cell

surface glycosylation were required for increased WFA bind-
ing, it would be essential to add drugs at the initiation of myo-
tube differentiation, to ensure that new glycoproteins entering
the Golgi encountered appropriate glycosyltransferase en-
zymes; this was the rationale for adding the drugs with the dif-
ferentiation medium in the original high throughput screen.
However, we found that, when lobeline was added to confluent,
differentiated C2C12 myotubes, we still observed a 2–4-fold
increase inWFA binding (Fig. 2D), demonstrating that lobeline
could increase WFA binding to differentiated cells in vitro and
suggesting that any activity of lobeline might be effective in
mature skeletalmuscle. In contrast, we saw no increase inWFA
binding to C2C12 myoblasts maintained in growth medium in
the presence of lobeline (supplemental Fig. 1), indicating that
either the glycoprotein backbones or the glycan structures rec-

FIGURE 1. WFA binding to sections of murine muscle. Transverse sections
of quadriceps from wild type (wt) (A), mdx (B), �7 integrin null (C), or Akt-
overexpressing (Akt-DTg) (D), were stained with biotinylated WFA, and bound
lectin was detected with fluorescein-streptavidin using indirect immunoflu-
orescence microscopy. Note punctuate staining in wild type and �7-null,
compared with robust staining surrounding muscle cells in mdx and Akt-DTg
mice. Bar, 50 �M.

TABLE 1
Compounds identified in high throughput screen of Prestwick library
Values in screens 1 and 2 are ratios ofWFA binding to cells treated with drug versus
vehicle control.

Name Uses Screen 1 Screen 2

Norgestrel Female contraceptive 2.9 7.3
Felbinac Anti-inflammatory 2.7 4.3
N-acetylleucine Vertigo 2.8 3.0
Liothyronine Hypothyrodism 2.0 2.9
Calciferol Vitamin D 2.1 2.8
Lobeline Smoking cessation 2.6 3.0

N-Glycan Function in Altered Muscle Cell Glycosylation

JUNE 29, 2012 • VOLUME 287 • NUMBER 27 JOURNAL OF BIOLOGICAL CHEMISTRY 22763

http://www.jbc.org/cgi/content/full/M111.334581/DC1


ognized by WFA are preferentially expressed on differentiated
myotubes rather than on myoblasts.
We next asked if specific glycoproteins on muscle cells dem-

onstrated increased WFA binding after lobeline treatment. As
shown in Fig. 3A (left), treatment of C2C12 cells with lobeline
increased the abundance of several glycoproteins thatwere pre-
cipitated withWFA from cell lysates. After these samples were
probed with WFA (Fig. 3A, left), the blot was reprobed with
mAb IIH6, which recognizes O-mannose glycans that are crit-
ical for laminin binding (right). WFA-binding was detected in
control treated cells, but the abundance of WFA binding
increased dramatically in lobeline-treated cells. Similarly, lobe-
line treatment increased the abundance of WFA-binding gly-
coproteins in primary myotubes derived from wild type (Fig.
3B) and mdx (Fig. 3C) mouse muscle. In primary mouse myo-
tubes, we again observed a dramatic increase in WFA-precipi-

tation of IIH6-reactive glycoproteins, as well as �-DG, after
treatment with lobeline. These data demonstrate that lobeline
treatment affects multiple glycoproteins that bear GalNAc
moieties recognized by WFA, including DG; an increase in
WFA-reactive �-DG was also observed in mice overexpressing
Galgt2 (6).
In patients withDMD, loss of dystrophin results in loss of the

entire DGC and thus reduced muscle cell adhesion to extracel-
lular matrix. Specifically, reduction in sarcolemmal �-DG
results in decreased adhesion to laminin in the extracellular
matrix.We asked if lobeline treatment affected laminin binding
to proteins from control or treated wild type ormdxmyotubes.
To detect laminin binding to cell surface proteins, equal
amounts of protein from each sample were separated by SDS-
PAGE, laminin was added to blots, and bound laminin was
detected with anti-laminin (Fig. 4). Samples were also probed
with IIH6 mAb. We observed a dramatic increase in the abun-
dance of IIH6 reactivity and in laminin binding to glycoproteins
from lobeline-treated cells.
To further examine the effect of lobeline on the abundance of

DGC/UGC components, as well as other sarcolemmal proteins
involved in muscle cell adhesion and function, we compared
the abundance of several proteins from control- or lobeline-
treated myotubes derived from wild type and mdx primary
muscle cells. Lysates from equal numbers of control- or lobe-
line-treated cells were separated by SDS-PAGE, and sarcolem-
mal proteins were examined by immunoblotting. As shown in
Fig. 5A, lobeline treatment of wild typemyoblasts increased the
abundance of several proteins, including agrin, dystrophin,
utrophin, �- and �-DG, sarcospan, sarcoglycans, and �1D
integrin, whereas the abundance of caveolin-3 was not affected.
A similar effect was found when lobeline-treated mdx myo-
tubes were examined (Fig. 5B). In these cells, the increased
abundance of agrin, utrophin, and �- and �-DG was particu-
larly striking. Overall, in control-treated mdx cells, there was
increased abundance on a per cell basis of many proteins,
including agrin, utrophin, and �1D integrin, compared with
control-treatedwild type cells; thismost likely reflects the com-
pensatory mechanisms that occur inmdxmousemuscle. How-
ever, even with higher base-line abundance of many proteins in
mdx cells, lobeline further increased the abundance of sar-
colemmal proteins. Intriguingly, the increased abundance of
agrin, �- and �-DG, and utrophin in cells treated with lobeline
was consistent with the increased abundance of these proteins
with Galgt2 overexpression in various dystrophic mouse mod-
els (6, 8, 9), suggesting that increasing WFA binding to muscle
cells by either pharmacologic or genetic approaches results in
increasing abundance of sarcolemmal proteins.
We next asked what types of glycans are required forWFA

binding to myotubes. Because lobeline increased laminin
binding tomyotube glycoproteins (Fig. 4), an effect involving
O-mannose glycans on muscle cell glycoproteins, and
because O-mannose glycans in general are known to be crit-
ical for muscle cell viability and function, we asked if the
lobeline-mediated increase in WFA binding required
O-mannose glycans. Although the precise structure of the
complete laminin-binding glycans elaborated on O-mannose
structures is not known, it is intriguing that one branch of the

FIGURE 2. Lobeline increases WFA binding to myotubes in vitro. A, dose-
response curve of WFA binding to lobeline-treated (filled bars) versus control
(DMSO, 0; open bars) C2C12 myotubes. Lobeline or vehicle was added to
myoblasts at the time of differentiation for 48 h. B, dose-response curve of
WFA binding to lobeline-treated versus control myotubes derived from wild
type primary murine myoblasts, as in A. C, dose-response curve of WFA bind-
ing to lobeline-treated versus control myotubes derived from mdx myoblasts,
as in A. D, WFA binding to differentiated C2C12 myotubes treated with 100 �M

lobeline or control. Data are mean � S.D. (error bars) for triplicate samples
from one of three or more independent experiments for each panel.
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O-mannose glycan bears the SA�2,3Gal�1,4GlcNAc trisaccha-
ride that could be modified to create the Sda tetrasaccharide,
SA�2,3Gal (�1,3GalNAc)�1,4GlcNAc (12). We reduced ex-
pression of POMT1/POMT2, the enzyme complex that adds
the initiating mannose residue, in C2C12 myoblasts by siRNA;
transfections were performed just prior to the addition of dif-
ferentiationmediumwith lobeline or vehicle control, andWFA
binding was measured after 48 h.We confirmed that reduction
in POMT1/POMT2 mRNA resulted in reduced expression of
O-mannose glycans detected by mAb IIH6, demonstrating
loss of O-mannose glycans (Fig. 6A). However, reduction in
POMT1/POMT2 expression resulted in no loss of WFA bind-
ing to lobeline-treated cells; rather, there was a modest but
reproducible increase inWFAbinding to lobeline-treatedmyo-
tubes in the absence of O-mannose glycans (Fig. 6B). We also
reduced expression of Large, whichmodifiesO-mannose struc-
tures to create laminin binding glycans, and also observed
reduced IIH6 binding but increased WFA binding to lobeline-
treated cells (not shown).
As mentioned above, muscle cell glycoproteins, such as

�-DG, also bear mucin type O-glycans and N-glycans; for
example, �-DG has three N-glycosylation sites, and �-DG has

one N-glycosylation site (15, 16). Thus, we asked if N-glycans
were important for WFA binding to control- and lobeline-
treated cells. To globally reduce complex N-glycans on C2C12
cells, we treated myoblasts with DMNJ, which inhibits manno-
sidase I and prevents creation of complex N-glycan structures
from high mannose precursors (16). Complex N-glycans could
bear GalNAc residues, recognized by WFA, either on Sda tet-
rasaccharides or as terminal structures on N-glycan branches.
As shown in Fig. 7A, DMNJ had the predicted effect on C2C12
cells because DMNJ treatment abrogated binding of the lectin
PHA that recognizes branched complex N-glycans. Surpris-
ingly, DMNJ also dramatically reduced WFA binding to con-
trol- or lobeline-treated cells. As shown in Fig. 7B, the loss of
complex N-glycans reduced WFA binding by �90% to both
control- and lobeline-treated C2C12myotubes. Thus, complex
N-glycans bear the glycan structures recognized by WFA on
muscle cells, and increased WFA binding after lobeline treat-
ment requires expression of complex N-glycans.
To analyze the effect of lobeline on the abundance of N-gly-

cans involved in increased WFA binding, N-glycans of C2C12
cells grown either in the presence or absence of lobeline were
analyzed. In order to quantify the abundance of observed
N-glycan structures from the treated and control populations,
an IDAWG tandem mass spectrometry-based strategy was
applied (22). After characterizing the released N-glycans and
quantifying the abundance of the observed glycan structures,
we determined the relative abundance for N-glycans released
from lobeline-treated samples over the control (supplemental
Tables 1 and 2). Specifically, the majority of the N-glycans
released from lobeline-treated C2C12 cells were observed to be
elevated over control. A total of 32 glycan masses were
observed, of which 30were able to be quantified, and 84% of the
quantified glycans showed an increase of at least 1.5-fold. Of
particular interest, two proposed GalNAc-containing struc-
tureswere elevated 2.8–5.5-fold (Fig. 8); however, glycans bear-
ing the Sda epitope were not substantially elevated.
N-Glycosylation of numerous glycoproteins on C2C12 cells

has been described (25); however, in contrast to the extensively
studiedO-mannose glycans on �-DG, which are known to par-
ticipate in laminin binding, no clear functions forN-glycans on
many muscle cell glycoproteins have been proposed. Because
increased WFA binding correlated with increased laminin

FIGURE 3. Identification of WFA binding glycoproteins in control-treated versus lobeline-treated cells. A, equal amounts of cell protein from lysates of
C2C12 myotubes treated with 100 �M lobeline (L) or control (C) for 48 h were precipitated with WFA beads, bound proteins were eluted with GalNAc, eluted
proteins were separated by SDS-PAGE, and blots were probed with WFA or mAb IIH6. Equal amounts of cell protein from lysates of wild type (wt) (B) or mdx
myotubes (C) treated with lobeline or control were precipitated with WFA beads, bound proteins were eluted with GalNAc, eluted proteins were separated by
SDS-PAGE, and blots were probed with WFA or mAbs IIH6 or MANDAG2 (MA), which recognizes �-DG. Results are representative of four independent
experiments.

FIGURE 4. Lobeline treatment increases laminin binding. Lysates of sur-
face biotinylated wild type (wt) (A) or mdx myotubes (B) treated with lobeline
(L) or control (C) were separated by SDS-PAGE and blotted, laminin was incu-
bated with the blots, and bound laminin was detected with anti-laminin. Blots
were stripped and reprobed with mAb IIH6.
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binding to cell surface glycoproteins from lobeline-treated cells
(Fig. 4), we asked if loss of WFA-binding glycans would affect
laminin binding bymuscle cell glycoproteins. Cellswere treated
with or without DMNJ, and extracts were analyzed by immu-
noblotting. Loss of complexN-glycans did not reduce reactivity
with IIH6; in fact, reactivity of DMNJ-treated cells with an anti-
body recognizing an �-DG core epitope actually increased (Fig.
9A), suggesting that loss of complex N-glycans may have
increased availability of this specific epitope. Also, there was no
significant difference in overall IIH6 reactivity in DMNJ-

treated versus control-treated cells. However, there was a sig-
nificant decrease in laminin binding to glycoproteins from
DMNJ-treated cells compared with controls (Fig. 9B). These
data imply that complexN-glycansmay indirectly participate in
promoting laminin binding or, alternatively, that loss of com-
plex N-glycans in DMNJ-treated cells may reduce laminin
binding by altering glycoprotein structure or the accessibility of
laminin binding sites.

DISCUSSION

The present study demonstrates that high throughput
screening ofmuscle cells using a plant lectin,WFA, can identify
compounds that alter cellular glycosylation and laminin bind-
ing.Moreover, the compound identified in this screen, lobeline,
appears to stabilize one or more membrane glycoproteins in
treated cells, rather than acting by altering expression of genes
encoding glycan-modifying enzymes or the glycoprotein back-
bones. The increased WFA binding observed in lobeline-
treated cells requires hybrid or complexN-glycans, and preven-
tion of N-glycan processing on �-DG alters laminin binding,
revealing a novel role for N-glycans in the function of this crit-
ical muscle cell glycoprotein.
Importantly, the target of this high throughput screen,

increased WFA binding, made no assumptions about how
altered glycosylation might occur. We chose WFA as a target
because increased expression of Galgt2 in several mouse mod-
els of dystrophy resulted in increased WFA binding to muscle
cells, along with increased abundance of utrophin inmdxmus-
cle, and amelioration of dystrophy. However, using increased
WFA binding as a target could identify drugs that act by multi-
ple mechanisms to promote expression or stabilization of gly-
coproteins, such as �-DG. Although we considered other
reagents for the screen, such as themAb IIH6 or�-DG-binding
proteins, such as laminin or agrin, these reagents would have
been prohibitively expensive, especially in future studies, where
much larger libraries will be screened. Plant lectins have the
additional advantage of typically recognizing only a glycan
epitope, rather than a glycan displayed on a particular polypep-
tide as detected by many mAbs; thus, using lectins for screens
does not limit detection of changes to a single protein.

FIGURE 5. Lobeline increases abundance of multiple muscle cell proteins. A, wild type (wt) primary myoblasts differentiated in the presence of 100 �M

lobeline (L) or control (C) were solubilized in radioimmune precipitation assay buffer, and 60 �g of protein was separated by SDS-PAGE and blotted to
nitrocellulose. Membranes were probed with antibodies against agrin, dystrophin, utrophin, dystroglycans (�- and �-DG), sarcospan (SSPN), sarcoglycans (�-,
�-, and �-SG), �1D integrin, dysferlin, and caveolin-3. GAPDH was a loading control. Lobeline treatment increased agrin, integrin, dysferlin, DGC, and UGC
protein levels. B, mdx primary myoblasts were treated as described in A. Membranes were probed similarly with the addition of antibody to �-SG. Dystrophin
protein was not detected due to mutation in the dystrophin gene in mdx cells. Increases were observed for agrin, dysferlin, utrophin, and �- and
�-dystroglycans.

FIGURE 6. O-Mannose glycans are not required for increased WFA bind-
ing after lobeline. A, reduction in POMT1/POMT2 by siRNA (�) versus scram-
bled control (�) in C2C12 cells treated with lobeline (L) or control (C) resulted
in loss of mAb IIH6 binding, indicating loss of POMT1/POMT2 activity.
B, reduction in POMT1/POMT2 activity did not reduce WFA binding. Increased
WFA binding to cells treated with lobeline versus vehicle control was
observed in cells transfected with scrambled siRNA (C� and L�) or POMT1/
POMT2 siRNA (C� and L�). Data are mean � S.D. (error bars) of six replicate
samples from one of three independent experiments.
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Lobeline-treated cells had increased abundance of both
membrane and intracellular proteins (Fig. 5) as well as
increased abundance of virtually all N-glycans (Fig. 8). More-
over, microarray analysis comparing control- and lobeline-
treated cells demonstrated no increase in mRNA transcripts
encoding proteins in theDGC/UGC, including those examined
in Fig. 5 (data not shown); thus, the increased abundance of
proteins may result from stabilization of the proteins at the
sarcolemmal membrane. This could be a general effect on gly-
coprotein stabilization or could result from stabilization of one
or a few scaffolding proteins that associate with other proteins.

DG has been described as a scaffolding protein in a number of
studies, because of the ability of DG to promote association of
sarcolemmal glycoproteins that contribute to membrane sta-

FIGURE 7. Complex N-glycans are required for WFA binding. A, C2C12 myoblasts were treated with DMNJ or vehicle control, and binding of biotinylated PHA
(solid line) was determined by flow cytometry, using biotinylated BSA as a control (dotted line). PHA binding was virtually eliminated by treatment with DMNJ,
which inhibits mannosidase I and prevents conversion of high mannose N-glycans to complex N-glycans. B, loss of complex N-glycans abrogated WFA binding
in cells treated with or without lobeline. Left, PHA binding determined in plate binding assay; PHA binding is not affected by lobeline (L�) but is abolished by
DMNJ in both control (C�) and lobeline-treated (L�) cells. Right, DMNJ treatment markedly abrogates WFA binding to cells treated with control (C�) and
lobeline (L�), whereas cells bearing complex N-glycans demonstrate increased WFA binding after lobeline treatment (L�). Data are mean � S.D. (error bars) of
six replicate samples from one of three independent experiments.

FIGURE 8. Abundance of N-glycans from lobeline-treated cells relative to
control. N-Glycans were released from lysates of C2C12 cells grown in the
presence or absence of lobeline, in both regular 14N medium and 15N
medium. Analysis was performed in duplicate with lobeline/15N control and
15N lobeline/control. The majority of characterized N-glycans from cells
treated with lobeline were elevated relative to the control. A sample of gly-
cans is shown, including terminal GalNAc-containing structures (see supple-
mental Tables 3 and 4 for all structures identified and quantified).

FIGURE 9. Loss of complex N-glycans reduces laminin binding. Cells
treated with or without DMNJ were analyzed by immunoblotting to assess
effects on laminin binding. A, loss of complex N-glycans did not affect pro-
duction or processing of �-DG; �-DG from cells treated with or without DMNJ
was detected with an antibody that recognizes a core epitope on �-DG poly-
peptide. Loss of complex N-glycans did not affect O-mannosylation, as shown
by reactivity with mAb IIH6. B, loss of complex N-glycans in cells treated with
DMNJ reduced laminin binding to the IIH6-reactive band, detected by a
laminin overlay assay. Actin control demonstrates no significant difference in
total protein loaded for the two samples.
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bility and extracellularmatrix binding, such as the sarcoglycans
(1, 2). Thus, stabilization of one or more scaffolding proteins,
such as DG, could result in increased abundance of associated
proteins.
Whywould enriching forWFAbinding glycans on�-DGand

other glycoproteins result in the effects that we observed for
lobeline treatment and that Martin and co-workers (6)
observed for Galgt2 overexpression? Altered glycosylation
could affect the turnover rate of membrane glycoproteins, pro-
mote interactions of those glycoproteins with other binding
partners, or stabilize such interactions to retain glycoprotein
complexes at the plasmamembrane. It is important to consider
that the amelioration of dystrophic symptoms in mdx mice by
Galgt2 was seen in mice expressing a high level of Galgt2 (26).
Although overexpression of glycosyltransferases may be an
effective experimental approach to ameliorating dystrophic
pathology (27–29), pharmacologic approaches may have sev-
eral advantages. Also, it is not known if the Sda modification is
restricted toN-glycans in mice overexpressing Galgt2; modify-
ing other glycans with GalNAc residues may have different
effects than stabilizing or enriching for existing glycoproteins,
as we appear to have done with lobeline, and the determination
that we did not specifically increase Sda-containing N-glycans
(Fig. 8 and supplemental Tables 1 and 2) implies that the Sda
epitope per semay not be required for the lobeline effect.

However, although lobeline had a consistent effect on
increasingWFA binding to myotubes from C2C12 cells or pri-
mary myoblasts, the mechanism of lobeline action is still
unclear. Lobeline is described as a nicotinic acetylcholine
receptor agonist/antagonist, and lobeline was evaluated in ani-
mal models as an anti-smoking agent and has also been admin-
istered to patients as a safe, short-acting respiratory stimulant
(30, 31), although due to side effects, such as nausea and con-
vulsions, and the availability ofmore effective agents, lobeline is
not currently used for these indications. Although classified as a
nicotinic receptor agonist, lobeline has no structural similarity
to nicotine (31), and the Prestwick library contains several
other acetylcholine receptor agonists/antagonists, none of
which increased WFA binding on the initial high throughput
screen (supplemental Table 3). In addition, we specifically
examined the effects of two related acetylcholine receptor ago-
nists/antagonists, gallamine and condelphine, and observed no
effect on WFA binding (supplemental Fig. 2A). We also added
bungarotoxin, to irreversibly inhibit the acetylcholine receptor,
and detected no difference in the lobeline-induced increase in
WFA binding (supplemental Fig. 2B). Finally, we reduced
expression of the �-chain of the acetylcholine receptor by
siRNA. Immunoblotting revealed a significant reduction in
�-chain expression in cells treated with the specific siRNA;
however, despite loss of �-chain expression, which is essential
for trafficking of the intact receptor to the plasma membrane,
we observed no difference in WFA binding to lobeline-treated
cells compared with lobeline-treated cells transfected with
scrambled siRNA (supplemental Fig. 2C). Thus, the acetylcho-
line receptor does not appear to be required for the effect of
lobeline on muscle cell expression of WFA-binding glycans.
Lobeline is also known to act through alternative receptors,
including the dopamine transporter and the vesicular mono-

amine transporter (30–32). A role for lobeline as a protein fold-
ing chaperone has been reported, suggesting that lobeline may
increase protein abundance by reducing proteinmisfolding and
degradation (33). Lobeline has also been found to be a non-
selective Ca2� channel antagonist (30). Thus, the mechanisms
responsible for the lobeline effects that we have observed
remain to be elucidated.
Laminin binding decreased significantly when cells were

treated with DMNJ (Fig. 9A). Why might N-glycan processing
be important for laminin binding? Campbell and co-workers
(34) found that theN terminus of�-DGwas essential for proper
Large modification of and laminin binding by O-mannose gly-
cans in the mucin domain of �-DG, indicating that the N ter-
minus of �-DG is important for Large recognition as an accep-
tor substrate, for binding, or for activity. However, we did
observe IIH6 binding to glycoproteins from DMNJ-treated
C2C12 cells (Fig. 9), indicating that at least some O-mannose
glycans were modified by Large in these cells. Thus, preventing
N-glycan processing may affect presentation or processing of a
subset of specificO-mannose or other glycans that are required
for laminin binding or may sterically prevent access of laminin
to these glycans; several reports have shown that, in addition to
Large-mediated laminin binding by �-DG, other glycoproteins
and glycans may also be modified by Large and participate in
laminin binding (28, 29, 35–37). A recent report identified
two O-mannose glycans on the mucin domain immediately
adjacent to the N-terminal domain of �-DG as essential for
laminin binding, so that altering N-glycans on the �-DG
N-terminal domain could affect accessibility of such adja-
cent glycans (14). Although the functions of most N-glycans
on muscle cell glycoproteins are unknown, it is intriguing that
congenital disorder of glycosylation type Ie, a disorder that dis-
rupts dolichol-phosphate-mannose synthesis and affects syn-
thesis of N-glycans, O-mannose glycans, and glycophospho-
lipid anchors, has been described in a patient presenting with
muscular dystrophy (38). This suggests that proper processing
of specific N-glycans may also contribute to muscle cell devel-
opment, differentiation, or function.
In addition to �-DG, integrins are important mediators of

muscle cell binding to extracellular matrix, and integrins on
C2C12 cells are known to be heavilyN-glycosylated (25). How-
ever, althoughDGwas a significant component of the glycopro-
teins precipitated by WFA from cells treated with or without
lobeline (Fig. 3), we did not detect �7�1D integrin in these
WFA precipitates despite repeated attempts (data not shown).
Moreover, the presence of WFA binding to skeletal muscle
from �7-null mice (Fig. 1) further indicates that this integrin is
not required for presentation of WFA-binding glycans on the
sarcolemmal membrane in vivo.
A critical unanswered question is why glycanmodification of

DG,which promotesWFAbinding, correlateswith preferential
association of utrophin, rather than dystrophin, with the cyto-
plasmic tail of�-DG. It is remarkable that this phenomenonhas
been used for several years to enrich for dystrophin-containing
versus utrophin-containing complexes, whereas the precise
types of glycans recognized, the mechanism of subcellular site-
specific glycosylation of DG, and the rationale for dystrophin
versus utrophin association are completely unknown. More-
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over, although glycan modifications that promote WFA bind-
ing are found during differentiation of murine myoblasts into
myotubes (Fig. 2), it is not clear that the identical glycan
changes occur during differentiation of human muscle cells.
Little is known about cellular glycosylation in normal and dys-
trophic human muscle (39). We have examined myotubes
derived fromdermal fibroblasts fromDMDpatients and paren-
tal controls and have not observed an increase inWFA binding
to these differentiated myotubes.4 Thus, although the high
throughput screening approach using plant lectins described
here should be feasible with human cells, it will be essential to
first define appropriate glycosylation targets that correlate with
a therapeutic goal (e.g. increased utrophin usage) in Duchenne
muscular dystrophy. Ultimately, this approach to the identifi-
cation of compounds that stabilize DG and associated proteins
at the sarcolemmamay lead to development of novel therapeu-
tics for multiple types of muscular dystrophy.
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