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            Abstract
The dense glycan coat that surrounds every cell is essential for cellular development and physiological function1, and it is becoming appreciated that its composition is highly dynamic. Post-translational addition of the polysaccharide repeating unit [-3-xylose-Î±1,3-glucuronic acid-Î²1-]n by like-acetylglucosaminyltransferase (LARGE) is required for the glycoprotein dystroglycan to function as a receptor for proteins in the extracellular matrix2,3. Reductions in the amount of [-3-xylose-Î±1,3-glucuronic acid-Î²1-]n (hereafter referred to as LARGE-glycan) on dystroglycan result in heterogeneous forms of muscular dystrophy4. However, neither patient nor mouse studies has revealed a clear correlation between glycosylation status and phenotype5,6. This disparity can be attributed to our lack of knowledge of the cellular function of the LARGE-glycan repeat. Here we show that coordinated upregulation of Large and dystroglycan in differentiating mouse muscle facilitates rapid extension of LARGE-glycan repeat chains. Using synthesized LARGE-glycan repeats we show a direct correlation between LARGE-glycan extension and its binding capacity for extracellular matrix ligands. Blocking Large upregulation during muscle regeneration results in the synthesis of dystroglycan with minimal LARGE-glycan repeats in association with a less compact basement membrane, immature neuromuscular junctions and dysfunctional muscle predisposed to dystrophy. This was consistent with the finding that patients with increased clinical severity of disease have fewer LARGE-glycan repeats. Our results reveal that the LARGE-glycan of dystroglycan serves as a tunable extracellular matrix protein scaffold, the extension of which is required for normal skeletal muscle function.
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                    Figure 1: Muscle generated during Large knockdown is predisposed to aggressive dystrophy.[image: ]


Figure 2: Regenerating LargeKD muscle has[image: ]


Figure 3: Increase in Î±-DG LARGE-glycan chain length during myogenesis enhances ligand-binding capacity.[image: ]


Figure 4: Reduction in Î±-DG LARGE-glycan chain length during myogenesis results in NMJ defects.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Generation of LargeKD mice.
a, GT(ROSA)26Sortm407(H1/tetO-RNAi:Large (LargeKD)-targeted mice were generated at TaconicArtemis GmbH, using an engineered recombinase-mediated exchange acceptor site in the Rosa26 gene, and an exchange vector with the following elements: a neomycin resistance marker; an H1-Tet-On promoter-driven shRNA that targets Large; and a loxP-flanked CAGGS promoter-driven Tet repressor. Mouse embryonic stem cells with the above-described Rosa26 gene were exposed to six distinct doxycycline-inducible/conditional shRNA constructs that target Large. After validation for correct targeting by Southern blotting, the ES cells were evaluated for efficient Large knockdown by qPCR, and for functional loss of IIH6-positive Î±-DG by western blotting. One knockdown embryonic stem (ES) cell line (targeting the sequence: GGAAGTGCGTGTTCGAGAAGT) was selected for use in blastocyst injections to generate chimaeric mice, on the basis of the efficiency of Large knockdown efficiency therein. Germline animals heterozygous for the knockdown cassette were backcrossed onto a C57BL6/J background. b, shRNA sequence used to target Large. c, d, LargeKD mice and littermate controls. In the absence of doxycycline, the animals are indistinguishable from control littermates both phenotypically (c) and biochemically (d).


Extended Data Figure 2 Reduction in molecular mass of Î±-DG during and after regeneration and increased adipose staining in LargeKD muscle.
a, b, Western blot analysis of WGA-enriched Triton X-100-soluble homogenates from the tibialis anterior muscles of LargeKD mice 21 (a) and 5 (b) days after CTX injury. Glycosylation of Î±-DG is â€˜re-setâ€™ to a lower molecular mass in the LargeKD (dox+) mice. At 21â€‰days after CTX injury, the contralateral (CL), uninjured LargeKD (dox+) muscle exhibits reduced IIH6 intensity relative to control (doxâˆ’), although the molecular mass in the two samples is equivalent. In the 5-day samples, this reduction is not observed, a finding that indicates the loss of reactivity in the 21-day samples is attributable to loss of pre-existing Î±-DG and failure to replace with IIH6-positive Î±-DG owing to Large knockdown. At 5â€‰days after injury, a marked increase in molecular mass variation is observed in CTX control tissue (similar to Fig. 3a). c, Haematoxylin and eosin (H&E) analysis reveals evidence of intramuscular adipose cells in LargeKD gastrocnemius muscle 10â€‰days after CTX. d, Staining with the lipophilic dye Oil Red O, confirming that fat is present. Scale bars, 50â€‰Î¼m.


Extended Data Figure 3 Basement membrane abnormalities in LargeKD muscle.
LargeKD muscle at 10â€‰days after CTX. a, Collagen VI and perlecan co-labelling of muscle sections. Arrowheads, lack of perlecan (normal) in endomysial space; arrow, perlecan in the endomysium. b, Secondary only control experiment demonstrating specificity of perlecan signal. c, Line scan intensity analysis for perlecan staining across adjacent myofibres, conducted by a blinded third-party. In the example shown (from a control muscle), increased sarcolemmal/basement membrane staining intensity is observed for the two adjacent myofibres, with minimal staining in the intervening endomysial space. Results of this analysis are quantified in d, e. For perlecan analysis eight line scans were conducted on at least three, Ã—20 images from 10-day post CTX injury muscles (n = 4 CTX injured mice per group). One-way ANOVA on ranks was used to assess the data. For d and e, **Pâ€‰<â€‰0.001, error bars indicate s.e.m. f, Collagen VI, which is expressed during muscle regeneration, localizes to both the basement membrane and the endomysium in control and LargeKD muscle 10â€‰days after CTX. Laminin Î±2, which is normally restricted to the basement membrane in control muscle, is also observed in the endomysium of LargeKD muscle (arrows). Arrowhead points to endomysium in control muscle. All images in a, b and f were collected with confocal microscopy, scale bars, 50â€‰Î¼m. g, Quantification of the increase in basement membrane thickness on the basis of transmission electron microscopy of muscle 10â€‰days after CTX injury. Over six images from two LargeKD and three control animals were assessed by a blinded observer using ImageJ software. One-way ANOVA was used to assess the data; **P = 0.001, error bars indicate s.e.m.


Extended Data Figure 4 Expression analysis of LargeKD muscles undergoing regeneration.
RTâ€“PCR-based comparisons of gene expression in CTX and CL tibialis anterior muscles 10â€‰days after injury, for Large (a), Dag1 (b), collagen VIÎ± (Col6a) (c), laminin Î±2 (Lama2) (d), laminin Î²1 (Lamb1) (e), perlecan (f) and agrin (g). nâ€‰â‰¥â€‰3 biological repeats and nâ€‰â‰¥â€‰3 technical repeats. The expression of all genes was compared to that for the reference gene Rpl4. Two-way ANOVA was used to analyse the data, and post-hoc comparisons between relevant groups are depicted; *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.001, NS, not significantly different; error bars indicate s.e.m.


Extended Data Figure 5 Muscle and basement membrane recovery from CTX injury and cellular hallmarks of C2C12 myogenesis.
a, Serial sections of CTX-injected gastrocnemius muscle stained with haematoxylin and eosin (H&E) and with laminin and collagen antibodies. Existing laminin-containing basement membranes from degenerated myofibres are observable 4â€‰days after CTX treatment. In areas of injury to myofibres (determined by central nucleation of myofibres), laminin and collagen VI are increased in intensity and appear more diffuse than in nearby uninjured regions. Dotted lines demarcate boundaries of damaged regions. Scale bars, 50â€‰Î¼m. CL, contralateral. b, Confluent myoblast cultures stimulated to differentiate by switch to low-serum medium (viewed by phase contrast). Differentiation day (DD) 0 is defined as when C2C12 myoblasts reach confluence in growth medium. 24 h after switching to serum-restricted medium (DD1), the myoblasts are elongated and begin to align with one another. By DD2, myoblast fusion is apparent, and steady myotube growth is observed over the next several days. Scale bars, 100 Î¼m. c, Representative densitometry-based quantification of IIH6-postitive Î±-DG on DD0 (blue line) and DD5 (black).


Extended Data Figure 6 Expression of Î±-DG-related genes during C2C12 myogenesis.
qRTâ€“PCR analysis for Pomt1 (a), Pomt2 (b), Pomgnt1 (c), fukutin (d), Ispd1 (e), Tmem5 (f), Sgk196 (g), Ignt1 (h) and Î±7 integrin (Itga7, i) over the course of C2C12 myogenesis. Although significant changes in expression were observed for some genes, the pattern of expression did not match the increase in molecular mass observed in Î±-DG, or the increase observed in the expression of Large and Dag1. Biological and technical samples were assessed in triplicate. One-way ANOVA P values are included where significance was found, and time points with significantly increased expression (as determined by post-hoc analysis) are denoted with asterisks. *Pâ€‰<â€‰0.05, NS, not significantly different; error bars indicate s.e.m.


Extended Data Figure 7 Mass spectrometry and binding characteristics of in vitro generated LARGE-glycan repeats and associated binding characteristics of LargeKD Î±-DG.
a, Mass spectrometry analysis of high- and low-molecular-mass LARGE-glycan repeats using MALDI-TOF MS. High-molecular-mass species are under-represented owing to the difficulty in detecting polysaccharides of greater than 10â€‰kDa using this approach43. b, IIH6 antibody binding to low- and high-molecular-mass LARGE-glycan repeats (error bars indicate s.e.m.). c, Solid-phase binding assay for the perlecan V domain (error bars indicate s.e.m.). d, Dystroglycan in DD4 myotubes generated from isolated primary LargeKD (+ 1â€‰Î¼gâ€‰mlâˆ’1 doxycycline) and control satellite cells was assessed for substrate binding. Solid-phase Î±1LG4-5 binding demonstrated that binding capacity is dependent on extension of the LARGE-glycan (control Kd = 15.0â€‰Â±â€‰5.20â€‰nM; LargeKDâ€‰Kd = 20.6â€‰Â±â€‰3.15â€‰nM). e, Findings for the perlecan V domain were similar to those of Î±1LG4-5 (control Kd = 4.37â€‰Â±â€‰0.749â€‰nM; LargeKD Kd = 4.88â€‰Â±â€‰0.846â€‰nM). f, Laminin 111 self assembles, and we wished to test the binding characteristics of a form that is unable to do so. AEBSF-laminin 111 is unable to polymerize yet retains receptor binding capacity44 and when it was tested the differences in binding between LargeKD and control samples were greater than those for laminin 111. This finding indicates that the polymerization of laminin bound to LARGE-glycan reduces the apparent differences in binding between LargeKD and control Î±-DG (AEBSF-laminin 111 binding control Kd = 7.61â€‰Â±â€‰2.12â€‰nM, Bmax = 1.14; LargeKD Kd = 17.1â€‰Â±â€‰7.36â€‰nM, Bmax = 0.268). Error bars indicate s.e.m., curve fitting to equation f = Bmax*abs(x)/(Kd + abs(x)).


Extended Data Figure 8 Overexpression of LARGE in a transgenic mouse results in abnormal muscle regeneration.
a, Map of transgene used to generate the CAG-Large transgenic mouse. b, Western blot of Î±-DG from CL and CTX injured tibialis anterior muscles 4â€‰days after injury, demonstrating that the protein is hyperglycosylated in CAG-Large muscles. c, WGA-enriched samples from CAG-Large muscles 10â€‰days after CTX injury were treated with enzymatic de-glycosylation to remove N-glycans, certain Î±-DG mucin O-glycans and terminal trisaccharides of O-mannosyl tetrasaccharides while sparing the phosphorylated O-mannosyl-linked LARGE-glycan as evidenced by the maintenance of IIH6-positive Î±-DG and reduction in molecular mass of Î²-DG and the IgG present in the samples. d, No change in laminin 111 binding, as detected by solid-phase assay, was observed in glycosidase-treated CAG-Large samples (error bars indicate s.e.m., n = 4 biological replicates) compared to untreated samples indicating that despite Large overexpression, nonspecific LARGE modification is minimal in these muscles. e, f, Haematoxylin-and-eosin-based histological analysis of muscles 10â€‰days after CTX injury revealed an increase in myofibres of small diameter, quantified in gâ€“i. Scale bars represent 200â€‰Î¼m. >6,000 fibres per group were measured, n = 3 animals per group, *P = 0.006, **Pâ€‰<â€‰0.001 by one-way ANOVA; error bars indicate s.e.m.


Extended Data Figure 9 Increased IIH6 reactivity in regenerating myofibres from patients.
a, Western blots of WGA-enriched muscle lysates from patient biopsies. CMD, congenital muscular dystrophy; LGMD2I, limb-girdle muscular dystrophy 2I. b, Patient biopsies were analysed by immunofluorescence for the presence of the Î±-DG LARGE-glycan (using antibody IIH6) and for signs of regeneration (using antibody to the embryonic myosin heavy chain, eMHC). Increased IIH6 signal correlates with regions of muscle regeneration. In the LGMD2I sample, IIH6 signal is nearly exclusively localized to regions of regeneration. c, Representative immunofluorescence images from patient muscle biopsies. Insets highlight mislocalized (endomysial) perlecan in CMD sample. Intense, localized capillary staining is also observed with perlecan antibody. d, Secondary only staining for perlecan in human dystrophic muscle sample, demonstrating that the signal in c is specific. Scale bars, 100â€‰Âµm.


Extended Data Figure 10 Model depicting the role of LARGE-glycan in organizing specialized basement membranes.
a, In normal skeletal muscle, LARGE-glycan on Î±-DG is abundant and forms long chains, providing many binding sites for ligands such as laminin, agrin and perlecan. In addition to binding the LARGE-glycan, perlecan and agrin bind (directly, or indirectly via accessory proteins like nidogen) to laminin and collagen networks, providing collateral linkages as was recently suggested in regards to perlecan45. Increased collateral linkage probably enables compaction of the basement membrane. b, In LargeKD muscle and some dystroglycanopathies, reduced extension of the LARGE-glycan during muscle formation results in a reduction in the number of binding sites for ligands, and the few collateral linkages between collagen, laminin and the sarcolemma are unable to compress the basement membrane. Also, because the basement membrane anchors less collagen, this protein accumulates in the endomysium where it provides ectopic binding sites for perlecan. Agrin is both a high-affinity ligand for the LARGE-glycan and highly concentrated at the NMJ. When the number of LARGE-glycan binding sites at the NMJ basement membrane is limited, agrin saturation of the NMJ may limit the laminin-mediated maturation of the NMJ46. Although DG is depicted as having only two LARGE-glycan chains in this model, it is likely that between 2 and 5 chains are present per DG molecule in skeletal muscle7. Integrins, which are not depicted here, can also bind laminin, and thus could contribute to this network; however, mouse studies indicate that its cellular roles are largely independent of DG47. c, Representative western blot analysis of Î±-DG in various mouse tissues, demonstrating extensive heterogeneity in molecular mass. Tissues were collected from C57BL6/J mice and samples from multiple mice were pooled before homogenization and Triton X-100 solubilization. Equal amounts of lysate, enriched for glycoprotein by WGA pull down, were loaded. Laminin 111 overlay assay demonstrated that despite differences in molecular mass, the Î±-DG glycoforms in various tissues retain the capacity to bind laminin. Cb, cerebrum; Cl, cerebellum; E, eye (globe); H, heart; K, kidney; L, lung; n.l., native laminin; SkM, skeletal muscle; T, thymus. d, However, higher molecular mass Î±-DG species have increased binding capacity for laminin 111, as demonstrated by solid-phase assay, indicating that tissue-specific modification of Î±-DG LARGE-glycan levels is a possible means to modify cell interactions with the extracellular matrix environment. Error bars indicate s.e.m., curve fitting to equation f = Bmax*abs(x)/(Kdâ€‰+â€‰abs(x)).
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        Editorial Summary
Dystroglycan's role in muscular dystrophy
The extracellular peripheral glycoprotein dystroglycan is post-translationally decorated with sugars, and the addition of glycans by the enzyme called LARGE is necessary for its receptor function. Reduction in LARGE-glycan additions results in various forms of muscular dystrophy, but why is unclear. Here Kevin Campbell and colleagues show that there is a direct correlation between LARGE-glycan extensions on dystroglycan and its avidity for extracellular matrix ligands. Short LARGE-glycan repeats results in various defects, including dysfunctional muscle predisposed to dystrophy. They further show that patients with increased clinical severity of muscle dystrophy have a greater degree of LARGE-glycan shortening.
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