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Biglycan Is an Extracellular MuSK Binding Protein
Important for Synapse Stability
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The receptor tyrosine kinase MuSK is indispensable for nerve-muscle synapse formation and maintenance. MuSK is necessary for
prepatterning of the endplate zone anlage and as a signaling receptor for agrin-mediated postsynaptic differentiation. MuSK-associated
proteins such as Dok7, LRP4, and Wntl1r are involved in these early events in neuromuscular junction formation. However, the mech-
anisms regulating synapse stability are poorly understood. Here we examine a novel role for the extracellular matrix protein biglycan in
synapse stability. Synaptic development in fetal and early postnatal biglycan null (bgn ~’°) muscle is indistinguishable from wild-type
controls. However, by 5 weeks after birth, nerve-muscle synapses in bgn ~’° mice are abnormal as judged by the presence of perijunctional
folds, increased segmentation, and focal misalignment of acetylcholinesterase and AChRs. These observations indicate that previously
occupied presynaptic and postsynaptic territory has been vacated. Biglycan binds MuSK and the levels of this receptor tyrosine kinase are
selectively reduced at bgn ~’° synapses. In bgn ~’° myotubes, the initial stages of agrin-induced MuSK phosphorylation and AChR
clustering are normal, but the AChR clusters are unstable. This stability defect can be substantially rescued by the addition of purified

biglycan. Together, these results indicate that biglycan is an extracellular ligand for MuSK that is important for synapse stability.

Introduction

Rapid and efficient communication in the nervous system re-
quires tightly regulated synaptic differentiation and stabilization.
At the neuromuscular junction (NM]J), these processes result in
the high-density clustering of AChRs in the postsynaptic mem-
brane and the elaboration of a stable, well defined endplate archi-
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tecture (Sanes and Lichtman, 2001; Burden, 2002). Several
elements in the pathways mediating the formation of this synapse
have been identified. However, the molecular mechanisms that
underlie the maintenance and stabilization of this synapse are
poorly understood.

The receptor tyrosine kinase MuSK is the core signaling ele-
ment in nerve-muscle synapse formation and maintenance
(Glass et al., 1996b; Burden, 2002; Kong et al., 2004; Kummer et
al., 2006). Several proteins interact with MuSK and function in
the early stages of synapse development including LRP4, Dok?7,
and Wntl1r (Weatherbee et al., 2006; Kim et al., 2008; Zhang et
al., 2008; Wu et al., 2010).

The development of the neuromuscular junction spans ~E14
to ~P14 (Sanes and Lichtman, 2001; Witzemann, 2006). Plaque-
like specializations form before the axon arrival and are inner-
vated shortly thereafter. By P14 all the hallmarks of the mature
NM]Js are present. Once formed, the NM]J is remarkably stable,
with the structure of individual endplates remaining essentially
unchanged for at least 4 months (Lichtman et al., 1987; Balice-
Gordon and Lichtman, 1990).

Biglycan is an extracellular matrix protein that is selectively
enriched in postsynaptic membranes from Torpedo electric organ
and is highly expressed in developing and regenerating muscle
(Casar et al., 2004; Lechner et al., 2006). Two forms of biglycan
are expressed in muscle, a proteoglycan that bears chondroitin or
dermatan sulfate side chains and a nonglycanated version that
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lacks these side chains. Both forms have conventional N-linked
carbohydrates. The chondroitin sulfate side chains of biglycan
proteoglycan mediate its binding to the polypeptide core of
a-dystroglycan (Bowe et al., 2000). The polypeptide core medi-
ates binding to a- and y-sarcoglycans, which are key members of
the dystrophin/utrophin protein complex (Holt and Campbell,
1998; Ozawa et al., 2005; Rafii et al., 2006).

Biglycan regulates the localization of utrophin and other com-
ponents of the dystrophin/utrophin protein complex at the ex-
trasynaptic sarcolemma in immature muscle. Recombinant
nonglycanated biglycan upregulates the expression of utrophin
and associated proteins at the sarcolemma and improves muscle
health and function in dystrophic mice (Amenta et al., 2011)
Biglycan null mice also display delayed muscle regeneration and
late-onset (=6 months) osteoporosis and connective tissue de-
fects (Ameye and Young, 2002; Casar et al., 2004).

Here we have examined the role of biglycan at the synapse. We
show that synapses in biglycan null mice develop normally until 2
weeks of age but then become fragmented over the subsequent 3
weeks. AChR and AChE are focally misaligned at synapses in
mature mice, suggesting that previously existing synaptic terri-
tory has been vacated. Biglycan binds MuSK and the levels of this
RTK are selectively reduced at biglycan null synapses. The matu-
ration of agrin-induced AChR clusters is defective in cultured
biglycan null myotubes and can be rescued by recombinant bi-
glycan. Together, these findings indicate that biglycan is a ligand
for MuSK that is important for maintaining synapse stability.

Materials and Methods

Antibodies

Anti-MuSK antisera (29-31) directed against the N-terminal half of the
MuSK cytoplasmic domain was used for immunoprecipitation; an affin-
ity purified fraction of this antibody was used for immunostaining (Hopf
and Hoch, 1998). Antisera raised against the C-terminal 20 aa of MuSK
(Watty et al,, 2000) and cytoplasmic amino acids 548—561 of MuSK
(Ganju et al., 1995) also was used for immunostaining (generously pro-
vided by S. Burden and M. Ruegg, respectively). D. Glass generously
provided that anti-MuSK used for immunoblotting (Glass et al., 1996a).
Anti-rapsyn was a gift from J. Cohen; anti-a-dystrobrevin-1 and -2, and
anti-a-, Bl-, and P2-syntrophin were generously provided by S.
Froehner. Other antibodies included: anti-phosphotyrosine mAb 4G10
(Millipore); anti-FLAG M2-Cy3 (Sigma); anti-TrkA and anti-a-dys-
troglycan (Millipore); anti-utrophin, anti-B-dystroglycan, and anti-a-, 8-,
y-sarcoglycan (Vector Laboratories); anti-nNOS (ImmunoStar); anti-
laminin a2 (Alexis Biochemicals), anti-collagen VI (Rockland Immuno-
chemicals); anti-neurofilament SMI-31 (Sternberger Monoclonals);
anti-neurofilament (Millipore Bioscience Research Reagents); SV2 (De-
velopmental Studies Hybridoma Bank); anti-synaptophysin (Zymed). The
following secondary antibodies were used: Alexa 488-goat anti-mouse IgG
(Invitrogen) and Cy3-goat anti-rabbit IgG (Jackson ImmunoResearch).
Rhodamine-a-bungarotoxin (Invitrogen) was used to label acetylcholine
receptors. AChE was detected with Oregon Green-conjugated fasciculin 2
(Pengetal., 1999). The monoclonal anti-biglycan antibody was generated by
immunizing biglycan null mice with recombinant biglycan and then selected
based upon its ability to stain wild-type, but not biglycan null muscle (Mer-
cado et al., 2006).

Recombinant biglycan

Purified, recombinant biglycan and decorin were produced by vaccinia
virus infection of osteosarcoma cells (Krishnan et al., 1999) or in a 293-
EBNA cell line as described previously (Mercado et al., 2006). The non-
glycanated forms, which lack GAG side chains, were used for all
experiments.

Biglycan null mice
These animals were created as described previously (Xu et al., 1998) and
were maintained on a C57BL/6 background. Heterozygous female bigly-
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can null mice (biglycan is X-linked) were mated with normal male mice.
Male progeny were collected and genotyped. For some experiments, age-
matched congenic biglycan null mice on a C3H background were used
(The Jackson Laboratory). Results were comparable between strains.

Immunohistochemistry

Quadriceps femoris, sternomastoid, or diaphragm muscles from 5-week-
old wild-type and biglycan null mice were isolated and flash frozen in
liquid nitrogen-cooled isopentane. Immunohistochemistry was per-
formed on 10 wm transverse cryostat sections using the Vector M.O.M.
basic kit (Vector Laboratories). Sections were incubated with primary
antibody overnight at 4°C and then with secondary antibody for 1 h at
room temperature. Sections were mounted in Permafluor (Thermo Elec-
tron) and analyzed using confocal laser scanning microscopy (Leica TCS
SP2 Acousto-Optical Beam Splitter). When comparing fluorescence lev-
els between wild-type and knock-out sections, images were acquired
using identical laser power and gain settings. Images were acquired using
Leica LCS acquisition software and imported into Adobe Photoshop.

Quantification of MuSK immunoreactivity was performed using
MetaMorph image analysis software (Universal Imaging). A region of
interest for each neuromuscular junction analyzed was defined and the
mean pixel signal intensity calculated. The mean pixel signal intensity of
MuSK was normalized to the mean pixel signal intensity of utrophin
(signal intensity for biglycan = 1.00) for each condition. At least 3 junc-
tions per condition were quantified.

Quantitative real-time PCR. RNA was isolated from P35 wild-type
C3H and biglycan null mouse quadriceps femoris muscle using Trizol
and treated with DNase I. cDNA was prepared using the Superscript III
First-Strand Synthesis System Kit (Invitrogen). Quantitative PCRs were
performed using the SYBR-Green method (Invitrogen) on an ABI
PRISM 7300 real-time thermocycler (Invitrogen) with ATP synthase lev-
els used for normalization. Data analysis was performed using the stan-
dard curve method. Primers used were as follows: MuSK forward: 5'-TG
AAGCTGGAAGTGGAGGTTTT-3'; MuSK reverse: 5'-GCAGTAGGGT
TACAAAGGAA-3'. ATPSase forward: 5'-TGGGAAAATCGGACT CTT
TG-3"; ATPSase reverse: 5'-AGTAACCACCATGGGCTTTG-3'.

Ultrastructural analysis. Biglycan null and congenic wild-type animals
(C3H; 5 weeks old) were perfusion-fixed with 2% formaldehyde and 4%
glutaraldehyde in 0.1 M phosphate buffer and postfixed in the same so-
lution overnight. Synaptic regions were located in toluidine blue-stained
semithin sections and then thin sections were prepared and viewed on an
FEI Morgagni 268 electron microscope. The membrane area within 2 um
of either edge of the bouton was analyzed for extrajunctional folds. The
criteria for identification as a fold were communication with the sarco-
lemma, a minimum depth of 0.5 wm, and the presence of basal lamina
throughout their extent.

Whole mounts

Sternomastoid muscles from perfusion-fixed 5-week-old biglycan null
and wild-type littermates were dissected in 4% paraformaldehyde and
incubated with rh-a-bungarotoxin, antibody SMI-31 and antibody SV2
to label AChRs, neurofilaments and synaptic vesicles, respectively. Flat-
tened stacks of 1 wm optical sections were captured at 63X with 2.5X
digital zoom (Leica TCS SP2 Acousto-Optical Beam Splitter with Leica
LCS acquisition software). Segments, defined as the number of discrete
AChR-rich regions (delimited on all sides by AChR-poor regions; e.g.,
marked by arrowheads in Fig. 1C), per junction were counted (Meta-
Morph; Universal Imaging) and results graphed. For AChE localization,
hindlimb muscles from 5-week-old biglycan null and wild-type litter-
mates were dissected and costained for AChR with rh-a bungarotoxin
and Oregon-green-fasiculin IT as described previously (Peng et al., 1999).
Diaphragm whole mounts were labeled as described previously (Smith et
al., 2001).

Biglycan binding

For cell binding assays mouse MuSK (Flag-MuSK) was subcloned in
PFLAG-CMV1 between EcoRI and Xbal sites (Sigma). Deletion mutants,
Flag-MuSKAIgI (amino acids 1-108 deleted) and Flag-MuSKAIgC6IV
(amino acids 297-463 deleted), were generated using site-directed mu-
tagenesis (Stratagene). COS7 cells were transfected with plasmids encod-
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ing full-length or mutant MuSK or wild-type trkA using Fugene (Roche
Diagnostics) and incubated overnight. The cells were then rinsed with
OptiMem (Invitrogen) and incubated with 20 nm biglycan polypeptide
in MEM-H (Sigma) for 30 min at 4°C. To detect bound biglycan, cells
were blocked with 10% horse serum in MEM-H for 10 min, incubated
with anti-biglycan monoclonal antibody 4C4 for 30 min, rinsed with
MEM-H, and labeled with goat-anti-mouse IgG-Alexa 488 for 30 min.
To detect MuSK and TrkA, cells were blocked with 1% BSA, 5% normal
mouse IgG, and incubated with either Cy3-conjugated anti-FLAG or
anti-TrkA and goat-anti-rabbit-Cy3 for 30 min. All incubations and
washes were conducted at 4°C. Cells were fixed with —20° methanol and
mounted in Vectashield hard set (Vector Laboratories).

The extracellular domain of quail MuSK corresponding to amino acid
residues 1-463 was subcloned into pCDNA-1 for expression with a His
tag and a stable line of HEK-293 cells was established. This extracellular
MuSK domain was purified by nickel affinity chromatography and was
90% pure as judged by Coomassie staining. For the microtiter plate assay,
MuSK protein was diluted to 100 ng/100 ul and 100 ul aliquots were
placed in the wells of a 96-well microtiter assay plate (Costar 3590) over-
night at 4°C. Wells were blocked with 300 ul of 5 mg/ml BSA in PBS, pH
7.4, for 1 hat4°C. A 100 pl aliquot of the appropriate dilution of biotin-
ylated biglycan in PBS/BSA solution was then added to each well and
incubated overnight at 4°C. Plates were washed for 3 X 5 min with
PBS/0.05% Tween 20 followed by incubation with avidin-conjugated
alkaline phosphatase (Pierce 31002;0.2 pg/ml in 100 mm Tris pH 9.5 and
100 mm NaCl) for 1 h at RT. The plates were washed for 3 X 5 min with
PBS/Tween and developed using 200 ul of p-nitrophenyl phosphate so-
lution (Sigma; 5 mg tablet/10 ml detection buffer). The yellow reaction
product was read at 415 nm in a Bio-Rad Laboratories microtiter plate
spectrophotometer.

MuSK phosphorylation assay

Myotubes were incubated with or without agrin and/or biglycan 1 h.
Cells were extracted with RIPA buffer (2 mm EDTA, 2 mm EGTA, 50 mm
Tris pH 8, 150 mm NaCl, 10 mm tetrasodiumpyrophosphate, 100 mm
NaF, 1 mm sodium orthovanadate, 10% glycerol, 1% NP-40, 0.5% de-
oxycholate, 0.1% SDS, 1 mm benzamidine, 1 pug/ml pepstatin, 21 pg/ml
aprotinin, 1 ug/ml leupeptin, and 0.1 mg/ml PMSF), centrifuged, and
soluble material precleared with protein-A beads (Bio-Rad Laborato-
ries). Extracts were incubated with anti-MuSK antisera and protein-A
beads and immunoprecipitates were electrophoresed on 5-15% gradient
SDS-PAGE gels, transferred to nitrocellulose and probed for MuSK ty-
rosine phosphorylation (P-Tyrosine) with MAb 4G10. Blots were then
stripped (Restore, Pierce) and reprobed with anti-MuSK antisera to ver-
ify equal loading. Bound antibody was detected with HRP-coupled sec-
ondary reagents and the signal was visualized using ECL plus (GE
Healthcare) and quantified with Storm/Image Quant Software (GE
Healthcare).

Cell culture

C2C12 cells were cultured as described previously (Gordon and Hall,
1989). Biglycan null immortalized cell line was generated as per estab-
lished protocols (Morgan et al., 1994). Immortalized wild-type mouse
cell lines were generously provided by Terence Partridge (Children’s
National Medical Center, Washington, DC).

ACHR clustering assays

Wild-type and biglycan null cells were grown to ~75% confluence on
Permanox chamber slides (Nunc and Nalgene, Thermo Fisher Scientific)
and differentiated for 3—5 d as described. Cells were incubated for 12 h
with 1.4 nm biglycan and recombinant rat agrin 12.4.8 (5 U; Ferns et al,,
1993). AChRs were labeled with rh-a-bungarotoxin for 30 min at 33°C
and cells were fixed with methanol for 5 min at —20°C. AChR clusters >4
wm in length and <1000 um? were counted on a Nikon Eclipse 800
microscope.

Statistical analysis
All statistical analyses used Student’s ¢ test unless otherwise noted. Quantifi-
cations were performed by observers blinded to experimental condition.
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Results

Biglycan is expressed at synapses

As a first step toward elucidating the function of biglycan at
nerve-muscle synapses in vivo, we assessed its localization at the
neuromuscular junction. In previous studies using antibodies
that required in situ chondroitinase digestion, we observed that
biglycan is expressed at the NM]J (Bowe et al., 2000). To confirm
and extend these observations we generated monoclonal anti-
bodies to biglycan (see Materials and Methods, Antibodies). Fig-
ure 1 A shows that biglycan is expressed at both junctional as well
as extrajunctional regions of the myofiber surface.

Synapses are abnormal in mature but not developing biglycan
null mice

A comparison of synapse distribution in the sternomastoid mus-
cle from P35 biglycan null mice and wild-type littermate controls
showed that the overall number of synapses and the width of the
endplate band were indistinguishable from controls. Moreover,
AChR density and the alignment of the nerve terminals to the post-
synaptic apparatus were comparable in normal and mutant synapses
(AChR levels normalized to utrophin immunoreactivity, WT:
0.97 = 0.03,bgn "1 0.95 * 0.05; n = 29-31 junctions from 2 mice
from each genotype, Student’s unpaired ¢ test, p > 0.8; Fig. 1B,C).
However, the architecture of the endplates in the biglycan null syn-
apses was disrupted compared with those in littermate controls. In
wild-type synapses the postsynaptic domains were largely continu-
ous, with few gaps observed. In contrast, at biglycan null endplates
these AChR-rich regions were often discontinuous and segmented
(compare Fig. 1B,C). Synapses from the biglycan null mice were
significantly more segmented than those from littermate controls
(Fig. 1 D; n = 60 synapses from four animals of each genotype; Mann—
Whitney U'test, p < 0.01). There was a particularly striking difference
in the proportion of hypersegmented synapses (=5 segments/
endplate) between the two genotypes. In wild-type mice only 3%
(2/60) of synapses had =5 segments/endplate. In contrast, 20%
(12/60) of mutant synapses were hypersegmented.

The segmentation that we observed in these P35 muscles
could reflect defective stabilization of neuromuscular junctions
and/or abnormalities that occurred earlier in synapse develop-
ment. To address this question we studied the differentiation of
synapses in developing biglycan null mice and littermate con-
trols. To study synapse development in fetal as well as early post-
natal muscle we turned to the diaphragm. Examination of E16
mice showed that endplates in mutant animals were compact and
localized in a discrete band in the middle of the muscle (Fig. 2A),
which is characteristic of wild-type animals of this age (Marques
et al., 2000). Further, the endplates typical of PO and P14 were
indistinguishable in biglycan null and littermate controls. Double
labeling for axons and presynaptic specializations showed that
the disposition of the nerve terminals at the endplates was com-
parable in both control and biglycan-deficient synapses. Axonal
sprouting was not observed in either mutant or wild-type muscle
(Fig. 2 B). Synapses in P14 sternomastoid were also indistinguish-
able in wild-type and biglycan null animals (data not shown).
Thus, the structure of developing synapses in the absence of bi-
glycan is normal as judged by the morphology of the postsynaptic
specializations, their distribution across the muscle and their re-
lationship with the axon.

AChR and AChE are focally misaligned at biglycan-deficient
neuromuscular junctions

The results of the developmental studies indicate that the NMJ in
biglycan null mice forms normally but shows defective stabiliza-
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Figure 1. Synapses in mature biglycan null mice are abnormal. 4, Biglycan is expressed at

the neuromuscular junction of wild-type mice. Frozen sections of quadriceps femoris (5 weeks
old) were labeled with e-bungarotoxin (red) and anti-biglycan (green). Biglycan is expressed
at both the neuromuscular junctions and the noninnervated regions of the sarcolemma. No
immunoreactivity is observed when sections from biglycan null muscle are stained in the same
fashion (data not shown). Scale bar, 10 wm. B, €, The NMJs of biglycan null mice are hyperseg-
mented. Sternomastoid muscle was dissected from perfusion-fixed 5-week-old wild-type (B)
and biglycan null () littermates and then double-labeled (left) with rh-ce-bungarotoxin to
visualize the AChRs (red) and anti-SV/anti-neurofilament (green) to show the nerve. Merged
images, left; AChR distribution only, right. Note the segmentation (arrowheads) of the biglycan
null endplate in contrast to the continuous postsynaptic domains observed in the wild-type.
Scale bar, 10 sum. D, The number of segments per endplate from muscles fixed and imaged as
described above were scored. Endplates in biglycan null mice were significantly more seg-
mented than those of their littermate controls (n = 60 endplates from 4 animals for each
condition; Mann—Whitney U test; p < 0.01).

tion. In this scenario the segmentation observed in the mature
animals (Fig. 1) would be due to the loss of previously occupied
synaptic territory. Therefore, we looked for traces of the original,
unsegmented synaptic architecture at the mutant endplates. To
detect such traces we compared the localization of AChR and
AChE at these junctions in P35 animals. At normal neuromuscu-
lar junctions the AChR-rich postsynaptic membrane is precisely
aligned with AChE in the adjacent basal lamina (Rossi and Ro-
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Figure2.  Synapsesin developing biglycan null mice are similar to wild-type. 4, Postsynaptic
specializations in fetal biglycan null mice. Diaphragms were dissected from E16 biglycan null
mice and labeled with rh-c-bungarotoxin to visualize the AChRs. Discrete AChR clusters are
arrayed in a central band across the muscle. This morphology and localization are indistinguish-
able from that observed in wild-type muscle at this age (data not shown). Scale bar, 20 um. B,
Diaphragms were dissected from PO and P14 heterozygous (top) and biglycan null (bottom)
littermates and double labeled with rh-a:-bungarotoxin to visualize the AChRs (red) and anti-
synaptophysin/anti-neurofilament (green) to show the nerve. In each set the merged and
AChR-only images are shown at left and right, respectively. No structural differences were
observed in the synapses from these developing biglycan null mice compared with their normal
littermates. Scale bar, 10 wm.

tundo, 1993; Peng et al., 1999; Legay, 2000; Rotundo, 2003).
However, AChE can persist in the basal lamina long after the
disappearance of presynaptic and postsynaptic specializations
(Marshall et al., 1977; Burden et al., 1979; Stanco and Werle,
1997). Figure 3 shows that AChE and AChR were tightly co-
aligned in wild-type synapses. However, there was misalignment
of AChE and AChR at 80% (120/150) of the mutant synapses. We
quantified the extent of this mislocalization on a per synapse basis
by measuring the average areas occupied by AChR and AChE at
the endplates. As expected by our qualitative observations, these
areas were not significantly different at wild-type junctions
(AChR 366 um? = 19.43; AChE 347 um? = 19.93; n = 9; Stu-
dent’s paired t test; p > 0.2). However, in the mutant synapses
AChE occupied a greater area than that of AChR (AChR 224
wm? *+ 32.8; AChE 260 um? = 41; n = 9, Student’s paired  test,
p < 0.02). Notably, in most cases these AChE-only domains are
contiguous with the AChE/AChR-rich regions at the synapse
(Fig. 3A). We note that the smaller area of the mutant synapses is
likely to be a function of myofiber size, which is ~30% reduced in
biglycan null compared with wild-type animals (Mercado et al.,
2006). Together, these observations suggest that these AChE-
only sites represent previously occupied synaptic sites and thus
provide direct evidence that synapses in biglycan null mice are
unstable.

We considered the possibility that the misalignment of AChR
and AChE and the increased segmentation that we observed in
the 5-week-old biglycan null synapses might be due to the pres-
ence of myofibers that have either regenerated or are compro-
mised and about to degenerate. To address this potential
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Figure 3. Focal misalignment of AChR and AChE at synapses in biglycan null mice. 4,
Hindlimb muscles from 5-week-old wild-type (top) and biglycan null (bottom) littermates were
dissected, fixed, and labeled with rh-a-bungarotoxin (red) and 0G-fasciculin2 (green) to visu-
alize AChR and AChE, respectively. The AChR and AChE distributions are superimposable in the
WT. However, AChE domains lacking subadjacent AChR (arrows) were observed in the biglycan
null junctions. Scale bar, 10 wm. B, Quantification of the number of synapses with aligned or
misaligned AChR and AChE in wild-type and biglycan null muscles. In wild-type muscle com-
plete alignment was observed at 100% (90/90) of synapses. However, only 20% of the mutant
synapses (30/150) showed complete alignment. n = number of synapses scored for each
genotype.

explanation we determined the proportion of regenerated [cen-
trally nucleated (CN)] myofibers in P60 mice. We observed that
2.9% (*+0.48; n = 11,374 fibers from 2 animals) of the fibers
showed central nuclei at this age. This number is in the same
range as previous measures of CN fibers at P35 (Mercado et al.,
2006). Therefore, the 80% of synapses showing misalignment of
AChR and AChE at P35 (Fig. 3B) and the 20% of synapses that
show hypersegmentation (Fig. 1D) is far in excess of the small
percentage of regenerated and/or degenerating fibers present in
these mutant muscles.

The number of perijunctional folds is increased in biglycan
null muscle

The fine structure of biglycan-deficient synapses also displayed
features consistent with synapse instability (Fig. 4). The length of
the presynaptic membrane and the number of junctional folds
juxtaposed to them was equivalent in both genotypes (wild-type:
5.4 pm/bouton * 0.45, 6.5 folds/bouton * 0.72; n = 20; biglycan
null: 5.17 wm/bouton * 0.27, 6.56 folds/bouton * 0.55; n = 39;
Student’s unpaired t test, p > 0.6). The depth of the folds was also
comparable in both genotypes. Moreover, in agreement with the
immunofluorescence analysis (Fig. 1 B, C) all observed synaptic
boutons were apposed to postsynaptic specializations. However,
we detected an increase in the number of perijunctional folds
flanking the synapse in the biglycan null muscle (Fig. 4 B). These
perijunctional folds were structurally indistinguishable from the
junctional folds that were apposed to the presynaptic bouton.
Statistical analysis showed that the number of perijunctional
folds was significantly greater in the biglycan null compared with
wild-type synapses (Kolmogorov—Smirnov test; p < 0.01). To-
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Figure 4. Increased number of perijunctional folds in biglycan null synapses. A, Electron
micrographs of synapses in sternomastoid muscles from 5-week-old wild-type and congenic
biglycan null mice. In the wild-type muscle junctional folds are largely restricted to the region
directly under the synaptic bouton. However, in biglycan null animals an increased number of
perijunctional folds (arrowheads) are observed flanking the synapse. Scale bar, 2 m. B, Fre-
quency histogram of perijunctional folds in synapses from wild-type and biglycan null mice. The
number of perijunctional folds within 0.5—2 pum from the edge of nerve terminal was scored for
two wild-type (n = 36 perijunctional regions) and two biglycan null muscles (n = 72 perijunc-
tional regions). There are significantly more perijunctional folds in mutant muscle (Kolmogo-
rov—Smirnov; p << 0.01).

gether, these ultrastructural and light-level analyses indicate that
previously established synaptic territory has been ceded in bigly-
can null mice.

MuSK expression at the postsynaptic membrane is reduced in
biglycan null synapses

The results presented above indicate a function for biglycan in the
stability of the neuromuscular junction. To explore the molecular
basis for this role we examined the expression of 18 proteins
known to be enriched at synapses, including AChR, rapsyn,
MuSK, and several components of the dystrophin/utrophin-
associated protein complex (Table 1). Remarkably, MuSK ex-
pression was the only component detectably altered at biglycan
null synapses. Although still localized at the nerve-muscle syn-
apses, MuSK expression in the postsynaptic membrane was re-
duced in quadriceps muscle from biglycan null mice compared
with littermate controls (Fig. 5A4). We confirmed this downregu-
lation using three independent antibodies directed against differ-
ent regions of the MuSK polypeptide (see Materials and Methods,
Antibodies). We quantified this reduction at the postsynaptic
apparatus by normalizing the signal of MuSK immunoreactivity
to that of utrophin, which shows a virtually identical localization
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Table 1. Comparison of the expression of synaptically enriched proteins in biglycan
null and wild-type mice

Protein Expression level at mutant NMJ compared with wild type
Biglycan Not present

MuSK* Decreased

AChE Unchanged (focally misaligned)
AChR Unchanged

Utrophin Unchanged

Rapsyn Unchanged

a-, B-Dystroglycan Unchanged

a-, B-, y-Sarcoglycan Unchanged

a-Dystrobrevin-1 Unchanged

ac-Dystrobrevin-2 Unchanged

a-Syntrophin Unchanged

[31-Syntrophin Unchanged

[32-Syntrophin Unchanged

nNOS Unchanged

Laminin-2 Unchanged

Collagen VI Unchanged

Sections of 5-week-old quadriceps femoris from wild-type or biglycan null animals were mounted on the same slides
and immunolabeled for each of the proteins indicated. To label AChRs, th-ce-bungarotoxin was applied simultane-
ously. The staining intensity of each protein at the neuromuscular junctions of wild-type and biglycan null animals
was compared. Similar results were observed in muscles from four pairs of mutant and wild-type animals.

*0bserved with three different anti-MuSK antisera; see Materials and Methods, Antibodies.

but which is expressed at the same levels in normal and biglycan
mutant synapses. Relative MuSK levels were reduced over tenfold
in the biglycan null compared with wild-type synapses (10.78 *
3.54) and (1.00 £ 1.32) in wild-type and mutant, respectively;
p < 0.02; Figure 5B. Quantitative RT-PCR revealed that the levels
of MuSK mRNA (expressed as a ratio to ATP synthase tran-
scripts) were not significantly different in wild-type compared
with biglycan null muscle (1.09 = 0.42 and 1.41 = 0.39, respec-
tively; Student’s unpaired ¢ test, p > 0.4). We also observed a
decrease in MuSK expression at synapses in sternomastoid (Fig.
5C) as well as diaphragm (data not shown). Together, these re-
sults indicate that biglycan plays a selective role in regulating
MuSK localization at the synapse.

Biglycan binds to MuSK

The results described above raised the possibility that biglycan
interacts with MuSK. As a first test of this idea we asked whether
purified recombinant biglycan binds to the purified MuSK ect-
odomain. We performed a solid phase binding assay where im-
mobilized MuSK ectodomain or BSA were incubated with
biotinylated biglycan or BSA followed by avidin-conjugated alka-
line phosphatase. Figure 6A shows that biglycan binds to MuSK
ectodomain, but not to BSA (0.45 = 0.01 and 0.06 £ 0.01, respec-
tively; n = 3, Student’s unpaired ¢ test, p < 0.01). Thus, biglycan
binds directly to MuSK.

We next tested whether biglycan can bind to MuSK expressed
on the cell surface. We expressed MuSK in COS-7 cells and then
assessed the binding of recombinant biglycan to them. Figure 6 B
shows that cells expressing full-length MuSK exhibit robust bi-
glycan binding (86.3 = 7.1%; n = 10 fields, total 56 transfected
cells). Further, the bound biglycan is tightly colocalized with the
expressed MuSK (Fig. 6 B, C). We detected no biglycan binding to
either untransfected cells (data not shown) or to cells expressing
heterologous TrkA (Fig. 6 B, C; 3.3 = 3.3%; n = 10 fields, total 62
transfected cells; Student’s f test, p < 0.001). However, we did
observe that untransfected cells adjacent to those transfected with
MuSK exhibited low levels of binding (Fig. 6 B), suggesting that
MuSK may be shed from the transfected cells.
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Figure 5.  MuSK expression is decreased at synapses in biglycan null mice. 4, Quadriceps
femoris sections from 5-week-old wild-type and biglycan null animals were immunolabeled
with a mouse anti-utrophin (green) and a rabbit anti-MuSK (affinity purified 2931, see Ma-
terials and Methods, Antibodies; red). Utrophin is expressed at similar levels at synapses in
wild-type and biglycan null muscle. However, a decrease in the intensity of MuSK staining at
biglycan null neuromuscular junctions is observed. Scale bar, 10 m. B, The mean pixel signal
intensity of MuSK normalized to the mean pixel signal intensity of utrophin at the neuromus-
cular junctions of wild-type, 10.78 = 3.54, and biglycan null muscle, 1.00 = 1.32 (at least 3
synapses per condition) was determined as described in Materials and Methods. The signal
intensity of MuSK was significantly higher at wild-type versus biglycan null junctions (Student’s
unpaired t test, *p << 0.02). €, Sternomastoid sections from 5-week-old wild-type and biglycan
null mice were immunolabeled as in A. Utrophin is expressed at similar levels at the synapses in
wild-type and biglycan null sternomasoid while synaptic MuSKis decreased in the biglycan null
sternomastoid muscle. Scale bar, 10 wm.

We also used the cell-based binding assay to determine which
portions of the MuSK ecto-domain are required for biglycan
binding. Since both the Igl and CRD/Fz domains have been im-
plicated in MuSK bioactivity (Masiakowski and Yancopoulos,
1998; Zhou et al., 1999; Herbst and Burden, 2000), we tested
MuSK mutants lacking either of these regions (Algl and ACRD/
Fz, respectively). Figure 6 B shows that both constructs are ex-
pressed on the surface of transfected COS cells as judged by
immunolabeling of unpermeabilized cells with an antibody to an
epitope tag located in the ectodomain. However, no biglycan
binding was detected on cells expressing either mutant MuSK
(Fig. 6 B). Quantification of the effect shows that biglycan bind-
ing to MuSK lacking either the IgI or the CRD/Fz domains were
indistinguishable from controls (AIgl: 10.0% *10.0, ACRD/Fz:
7.6 £ 4.7%, TrkA: 3.3 = 3.3%; Fig. 6C). Thus, both the Igl and
CRD/Fz domains of MuSK are required for biglycan binding.

Biglycan regulates agrin-induced MuSK phosphorylation

The binding of biglycan to MuSK suggested that it might regulate
agrin-induced MuSK activation. To test this idea we treated cul-
tured myotubes with agrin, biglycan, or a combination of the two
and measured the level of MuSK tyrosine phosphorylation (Fig.
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Figure 6.  Biglycan binds to MuSK. A, Direct binding of biglycan and MuSK. Purified MuSK
ectodomain or BSA wasimmobilized on plastic wells and then incubated with either BSA or with
500 ng of biotinylated recombinant biglycan followed by avidin-alkaline phosphatase. Biglycan
binds to MuSK but not to BSA (0.45 == 0.01 and 0.06 == 0.01, respectively; n = 3, Student’s
unpaired t test, p << 0.01). B, Biglycan binds to MuSK expressed in heterologous cells. COS cells
were transfected for 24 h with FLAG-tagged full-length wild-type MuSK (WT-MuSK), TrkA, or
FLAG-tagged MuSK mutants lacking either the Igl (Algl) or CRD/Fz domain (ACRD/Fz) as indi-
cated. Live cells were incubated with purified recombinant biglycan polypeptide (20 nm) for 30
min at 4°Cand bound biglycan was visualized with an anti-biglycan monoclonal antibody and
Alexa488-conjugated secondary antibodies (green) and then fixed. The transfected constructs
(red) were visualized with anti-FLAG (all MuSK constructs) or anti-trkA ectodomain. Note that
biglycan binds to COS cells expressing full-length, wild-type MuSK (top), but not to cells ex-
pressing TrkA (middle), mutant MuSK Algl, or ACRD/Fz (bottom). No binding was detected to
untransfected cells (data not shown). Scale bars, 10 um. €, Quantification of biglycan binding
to MuSK or TrkA transfected cells. Data are expressed as the mean percentage of cells that bound
biglycan per microscope field Little biglycan binding was detected on cells expressing heterol-
ogous TrkA (3.3 = 3.3%; n = 10fields). Cells expressing wild-type MuSK exhibit robust bigly-
can binding (86.3 = 7.1%; n = 10 fields; *p << 0.001, Students unpaired t test). Biglycan
binding to cells expressing MuSK-Algl or ACRD/Fz was not significantly different from that to
TrKA-expressing cells; p > 0.8, one-way ANOVA).

7 A, B). In agreement with previous studies, one unit of agrin (1/2
maximal activity; Megeath and Fallon, 1998) induced MuSK
phosphorylation in mouse C2C12 myotubes. No increase in
MuSK phosphorylation was observed after treatment with 1.4 nm
biglycan alone. However, 1.4 nM biglycan potentiated agrin-
induced MuSK phosphorylation (1.5-fold increase; n = 10, Stu-
dent’s unpaired ¢ test, p < 0.01). This potentiation was not
observed with decorin polypeptide (1 nM—100 nMm), which shares
the same domain structure as biglycan and is 55% identical to it
(data not shown; McEwan et al., 2006). As a further test of
whether biglycan functions within the same pathway as agrin we
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Figure 7.  Biglycan regulates agrin-induced MuSK phosphorylation. 4, Biglycan potentiates
agrin-induced MuSK phosphorylation. C2C12 myotubes were treated for 1 h with 1U agrin, 1.4
nu of purified recombinant biglycan, or both as indicated. The levels of MuSK tyrosine phos-
phorylation were then assessed by probing MuSK immunoprecipitates with anti-
phosphotyrosine antibody (P-Tyr). The blots were stripped and reprobed with anti-MuSK to
verify equal loading. Agrin induces MuSK phosphorylation and this activity is potentiated by
biglycan. B, Quantification. Western blots were scanned and analyzed with ImageQuant soft-
ware (GE Healthcare) to compare relative changes in MuSK phosphorylation. Simultaneous
treatment with 1U agrin and 1.4 nm biglycan induces a 1.5-fold increase in MuSK phosphoryla-
tion compared with 1U agrin alone (p << 0.001, n = 10). Treatment with saturating concen-
trations of agrin (5 U) alone induces a 1.6-fold increase in MuSK phosphorylation above 1U agrin
(p<<0.02,n =5).C,Biglycan does not modulate MuSK phosphorylation induced by saturating
concentrations (max) of agrin. (2C12 cells were stimulated with 5 U agrin in the presence or
absence of 1.4 nm biglycan. MuSK phosphorylation was assessed as in A. D, Quantification.
Biglycan does not induce a statistically significant change in MuSK phosphorylation above that
induced by 5 U agrin alone (p > 0.3, n = 3). E, Equivalent levels of MuSK are expressed in
(2€12 and bgn ~"° myotubes. Cultured C2C12 and biglycan null myotubes were extracted and
MuSK was incubated with anti-MuSK antisera followed by protein-A-beads. Inmunoprecipi-
tates solubilized in sample buffer, electrophoresed, transferred to nitrocellulose and probed
with an anti-MuSK antibody. F, Biglycan is not required for agrin-induced MuSK phosphoryla-
tion. Biglycan null myotubes were treated for 15 min, 30 min, or 1 h with 1U agrin. MuSK
activation was determined by probing MuSK immunoprecipitates with anti-tyrosine antibody
(P-Tyr). Note that agrin induces MuSK phosphorylation in biglycan null cells within 15 min of
treatment and phosphorylation levels increase through 1 h of treatment.

added biglycan plus saturating levels of agrin. If these factors were
acting in the same pathway, biglycan would not be expected to
further increase MuSK activation under these conditions. In-
deed, Figure 7C and D shows that biglycan does not superpo-
tentiate MuSK phosphorylation induced by maximal agrin.
Together, these data indicate that biglycan regulates agrin-
induced MuSK activation.

The experiments described above used wild-type myotubes
that express endogenous biglycan (Casar et al., 2004). To de-
fine the role of biglycan in the agrin pathway more precisely,
we used a myoblast cell line derived from biglycan null mice
(Mercado et al., 2006). These biglycan-deficient myoblasts
differentiate to form myotubes and express MuSK at levels
comparable to those observed in wild-type myotubes (Fig.
7E). Agrin treatment induced rapid and robust MuSK phos-
phorylation in these mutant myotubes (Fig. 7F; 2.0 * 0.4-fold
increase in MuSK phosphorylation after 1 h agrin incubation;
n =5, Student’s unpaired ¢ test, p < 0.05). Thus while biglycan
regulates agrin-induced MuSK phosphorylation, it is not nec-
essary for its activation.



Amenta et al. @ Biglycan, MuSK, and Synapse Stability

A Agrin

treatment Wild Tiie Biilican null

2hrs

4hrs

8hrs
) sl_d

Agrin Agrin
+ Bgn

12hrs &

C

=
s
o
E
o
1y
2
1
= 5
g
123
3
o
[:4
=
%]
<

Agrin  Biglycan

=
o

Figure 8.  Agrin-induced AChR clustering is defective in biglycan null myotubes. 4, Time
course of agrin-induced AChR clustering in wild-type and bgn ~/° myotubes. Myotubes of
indicated genotype were made from immortalized myoblast lines and were treated with 5 U
agrinfor 0, 2,4, 6,8, or 12 h. Short duration agrin treatment (2, 4, 6 h) induces small, discrete
AChR clusters in both wild-type and biglycan null cells. After 12 h of agrin treatment wild-type
myotubes displayed typical compact AChR clusters (<<1000 m?). In contrast, biglycan null
myotubes treated for 12 h with agrin exhibited diffuse AChR microcluster islands that were
abnormally large (~1.4 X 103to ~1 < 10* um?). Scale bar, 10 um. B, Exogenous biglycan
rescues the stability defects of agrin-induced AChR clusters in bgn ~’° myotubes. Myotubes
wereincubated for 12 h with 5 U agrin with or without added biglycan (1.4 nm). Treatment with
agrin and biglycan induced the formation of smaller, compact AChR clusters compared with
agrin alone. Treatment with biglycan alone had no effect on AChR distribution (data not
shown). Scale bar, 10 wm. €, Quantification of biglycan rescue. The number of AChR clusters
(>4 uminlengthand <1 X 103 wm?) per myotube segment on cultures treated with agrin
alone or with agrin plus biglycan was scored (n = 70 segments/condition from 3 independent
experiments; Student’s unpaired ¢ test, p << 0.03).

Biglycan is necessary for the stability of agrin-induced

AChR clusters

To further probe the role of biglycan in synapse stability we
turned to an in vitro system based upon the ability of agrin to
induce AChR clustering on cultured myotubes (Godfrey et al.,
1984; Fallon et al., 1985; Nitkin et al., 1987). Discrete, compact
AChR clusters form by 2 h of agrin treatment and persist for at
least 12 h (Fig. 8 A). AChR clustering in biglycan null myotubes
treated with agrin for 2—6 h was indistinguishable from that ob-
served in wild-type cultures. However, as shown in Figure 84,
virtually no compact AChR clusters were observed on mutant
myotubes incubated with agrin for 12 h. Rather, AChRs were
arrayed in abnormally large, diffuse microcluster “islands” (see
below). The AChR clustering defect in the biglycan-null myo-
tubes was specific to agrin, since biglycan null myotubes form
high-density AChR clusters in response to overnight incubation
with purified laminin (data not shown).

To demonstrate a direct role of biglycan in stabilizing AChR
clusters we performed a rescue experiment where purified re-
combinant biglycan was added to the cultures. Biglycan null
myotubes were treated with agrin alone or in combination with
purified recombinant biglycan for 12 h. As noted above, typical
ACHhR clusters are not observed on mutant myotubes after 12 h of
agrin treatment. Rather, AChR are arrayed in microcluster is-
lands (Fig. 8A). These AChR islands are composed of loosely
arrayed AChR microclusters (ranging from ~1 X 10° to ~1 X
10* wm?). However, coincubation with 1.4 nM biglycan for 12 h
increased the number of discrete, compact (<1000 um?*) AChR
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clusters on the myotubes surface (Fig. 8 B, C; agrin: 1.07 = 0.18,
agrin/biglycan: 1.73 = 0.22, n = 70 segments/condition from 3
independent experiments; Students unpaired ¢ test, p < 0.03).
Together, these observations indicate that biglycan is dispensable
during the formation of agrin-induced AChR clusters but is re-
quired for their stabilization. Further, these findings in cultured
myotubes suggest that in vivo biglycan is acting, at least in part,
postsynaptically.

Discussion

In this study we introduce biglycan as an extracellular MuSK
ligand that is important for synapse stability. We show that: (1)
synapses in mature biglycan-deficient mice exhibit structural
defects including increased numbers of perijunctional folds
and focal misalignment of AChR and AChE, but synapses in
developing biglycan null mice are indistinguishable from wild-
type; (2) MuSK levels are selectively reduced in the postsynaptic
membrane of biglycan null mice; (3) biglycan binds MuSK both in
vitro and on the cell surface; (4) biglycan regulates agrin-induced
MuSK phosphorylation; and (5) agrin-induced AChR clusters are
unstable in cultured biglycan null myotubes and this defect can be
substantially rescued by the addition of exogenous biglycan.

Our studies show that biglycan is important for synaptic stability
in vivo. The early development of synapses (E16—P14) is equivalent
in wild-type and biglycan null muscles (Fig. 2). However, several
defects in the synaptic apparatus are observed at P35 including end-
plate fragmentation, increased numbers of perijunctional folds,
and reduced MuSK expression. The focal misalignment of AChR
and AChE at mutant synapses is likely to be an important clue to the
basis of the fragmentation. AChE at the neuromuscular junction is
stably associated with the synaptic basal lamina by virtue of its at-
tachment through its collagenic tail (Hall, 1973; Lwebuga-
Mukasa et al., 1976; Rossi and Rotundo, 1993; Feng et al.,
1999), a relationship that persists even if the postsynaptic
membrane specializations are lost (McMahan et al., 1978; An-
glister and McMahan, 1985). Thus, the presence of domains in
the endplate region that are rich in AChE but lack AChR indi-
cates that postsynaptic membrane specializations have been
lost. Our observation that biglycan is important for the stabil-
ity but not the initial formation of agrin-induced AChR
clusters in cultured myotubes is consistent with this in vivo
phenotype.

In addition to the loss of synaptic territory at the biglycan-null
neuromuscular junctions, we also observe defects at the level of
individual boutons. While the number and depth of junctional
folds per bouton were normal in these animals, there was an
increase in the number of perijunctional folds (Fig. 4). We think
it most likely that these folds are remnants of previous synaptic
sites. However, it is also possible that they result from dysregula-
tion of the molecular mechanisms that ensure precise apposition
of the presynaptic and postsynaptic membrane.

Our studies with biglycan null myotubes give further insight
into the role of biglycan in synapse stability. These myotubes
express both MuSK and AChR. Brief agrin treatment induces
MuSK phosphorylation in these cells (Fig. 7) and the formation
of small, discrete AChR clusters (Fig. 8). However, high density,
compact AChR clusters that are typically seen after prolonged
(12-16 h) agrin treatment are not observed. Rather, after ex-
tended agrin treatment only low-density, abnormally large is-
lands of AChR microclusters are observed. Importantly, the
stability defect can be substantially rescued by the addition of
purified biglycan polypeptide at low nanomolar concentrations.
We hypothesize that biglycan promotes the stabilization of AChR
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clusters at least in part through its action as a MuSK scaffolding
molecule. This proposal is supported by our observation that the
CRD/Fz domain, which has been implicated in MuSK scaffolding
activity (Zhou et al., 1999), is also required for biglycan binding
(Fig. 6).

The neuromuscular junction instability in biglycan null
synapses is unlikely to be the result of developmental defects
or secondary to muscle degeneration. As discussed above,
early synapse formation is indistinguishable in mutant and
wild-type muscle. In cell culture agrin-induced AChR clusters
form normally in mutant myotubes but subsequently become
unstable. As discussed below, biglycan binds directly to MuSK,
a protein important for synapse maintenance (Kong et al.,
2004). Finally, muscle degeneration/regeneration cannot ac-
count for the observed synaptic defects: >80% of biglycan null
synapses display AChR/AChE misalignment at P35, while
=5% of myofibers showed central nuclei at this age or several
weeks later.

Several lines of evidence indicate that biglycan is a ligand for
MusSK. In vivo, biglycan is expressed in muscle and is localized at
the neuromuscular junction (Fig. 1 A). Biochemical studies show
that recombinant biglycan binds to purified MuSK ectodomain
(Fig. 6). Biglycan also binds to MuSK expressed on the surface of
heterologous cells. The specificity of this cell-based binding is
supported by the lack of binding to either untransfected COS cells
or to those expressing TrkA. Moreover, biglycan does not bind to
MuSK lacking either the Igl or the CRD/Fz domain, even though
both of these mutant proteins are expressed at comparable levels
on the cell surface. (However, it should be noted that even surface
expression does not assure that a mutant protein is properly
folded.) Genetic studies show that biglycan is important for the
localization of MuSK at synapses in vivo (Fig. 5). Finally, biglycan
modulates agrin-induced MuSK activation (Fig. 7). Together,
these observations indicate that biglycan serves both scaffolding
and signaling roles for MuSK.

It has been reported that ColQ can bind MuSK when ex-
pressed in COS cells, suggesting that AChE/ColQ may also play a
role in MuSK localization (Cartaud et al., 2004). In the present
studies, however, we did not detect MuSK in the AChR-poor
regions of the biglycan mutant synapses that contain normal lev-
els of AChE, nor have we been able to reproduce the MuSK-ColQ
AChE binding using our solid phase immobilized MuSK assay (as
shown in Fig. 6A; and E. Marrero and R. L. Rotundo, unpub-
lished observations). Moreover, recent studies showed that
collagen-tailed cholinesterase binds to the surface of COS cells in
the absence of coexpressed MuSK (Hrabovska et al., 2010). Thus,
it is unlikely that the collagen-tailed AChE plays a role in MuSK
localization at the neuromuscular synapse, in contrast to biglycan
where direct binding with MuSK can be demonstrated in vitro
(Fig. 6 A).

A large number of studies have advanced our understanding
of the early events in nerve-muscle synaptogenesis, but the mo-
lecular mechanisms for maintaining these synapses remain
largely obscure. For example, nerve independent prepatterning,
the earliest stage of synapse formation, requires MuSK, rapsyn,
Dok7, LRP4, Wntll1r, and functional DHPR Ca channels (Kim
et al., 2008; Zhang et al., 2008; Jing et al., 2009; Chen et al.,
2011). Agrin, MuSK, LRP4, and neural activity collaborate
during the subsequent prenatal differentiation of the synapse
(Witzemann, 2006; Wu et al., 2010). Our data demonstrate a
role for biglycan in stabilizing synapses after P14 —the time at
which synapses reach their mature configuration. Consistent
with this selective role in synapse stabilization, biglycan is
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neither necessary for synapse formation in vivo (Fig. 2) nor
MuSK activation and initial AChR clustering in cell culture
(Figs. 7, 8). Such a stage-specific function for biglycan in post-
synaptic stabilization conceptually, and perhaps mechanisti-
cally, parallels the role of extracellular factors that stabilize
presynaptic differentiation during distinct developmental ep-
ochs (Fox et al., 2007). Finally, MuSK is necessary for the
maintenance of the neuromuscular junction (Kong et al.,
2004; Punga et al., 2011). We therefore propose that the
biglycan-mediated localization of MuSK is important for syn-
apse stability. It will be of interest to identify additional mem-
bers of the biglycan-MuSK stabilization pathway and to
determine whether they play a role in diseases of the neuro-
muscular junction or age-associated synapse loss (Coggan et
al., 2004; Vincent et al., 2004; Ryall et al., 2008).

Biglycan binds to a- and +y-sarcoglycan and regulates the
expression of syntrophins, dystrobrevins, and nNOS at the
sarcolemma (Mercado et al., 2006; Rafii et al., 2006). However,
the synaptic expression of these molecules is unaffected in
biglycan null mice (Table 1), indicating that biglycan plays
distinct roles at junctional and nonjunctional regions of the
muscle. In this regard biglycan is analogous to dystrobrevin
and syntrophins, which also have distinct functions at synap-
tic and nonsynaptic regions of muscle (Grady et al., 2003;
Adams et al., 2004).

This work also has implications for disease mechanisms and
therapies. The loss of synaptic connections is one the earliest
and most consistent events in a range of neurological diseases
including spinal muscular atrophy and amyotrophic lateral
sclerosis (Williams et al., 2009). Therapies directed at stabiliz-
ing synapses could slow the disease course and prolong the
lifetime of these patients. Notably, recombinant biglycan can
be delivered systemically in mice for months and is active in
muscle (Amenta et al., 2011). As an extracellular matrix pro-
tein that acts to stabilize the neuromuscular junction, we pro-
pose that biglycan could be a protein therapeutic for motor
neuron diseases such as spinal muscular atrophy and amyo-
trophic lateral sclerosis.
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