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Identification of Erbin Interlinking MuSK and ErbB2 and
Its Impact on Acetylcholine Receptor Aggregation at the
Neuromuscular Junction
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Erbin, a binding partner of ErbB2, was identified as the first member of the LAP family of proteins. Erbin was shown at postsynaptic
membranes of the neuromuscular junction (NMJ) or in cultured C2C12 myotubes (1) to be concentrated, (2) to regulate the Ras–Raf–Mek
pathway, and (3) to inhibit TGF-� signaling. In the CNS, Erbin interacts with PSD-95. Furthermore, agrin–MuSK signaling initiates
formation of AChR aggregates at the postsynaptic membrane. In search of proteins interacting with MuSK, we identified Erbin as a MuSK
binding protein. We verified the interaction of MuSK with Erbin, or both concomitantly with ErbB2 by coimmunoprecipitation, and we
mapped the interacting epitopes between Erbin and MuSK. We demonstrated elevated mRNA levels of Erbin at synaptic nuclei and
colocalized Erbin and MuSK at postsynaptic membranes. We identified several Erbin isoforms at the NMJ, all of which contained the
MuSK binding domain. By knocking down Erbin, we observed agrin-dependent AChR aggregates on murine primary skeletal myotubes
and C2C12 cells, and in the absence of agrin, microclusters, both of significantly lower density. Complementary, AChR-�-reporter
expression was reduced in myotubes overexpressing Erbin. We show that myotubes also express other LAP protein family members,
namely Scribble and Lano, and that both affect physical dimensions of agrin-dependent AChR aggregates and density of microclusters
formed in the absence of agrin. Moreover, MuSK–Erbin–ErbB2 signaling influences TGF-� signaling. Our data define the requirement of
Erbin on the cross talk between agrin and neuregulin signaling pathways at the NMJ.

Introduction
The neuromuscular junction (NMJ) transmits signals from mo-
tor neurons to multinucleated muscle fibers. A hallmark of the
postsynaptic apparatus is the aggregation of acetylcholine recep-
tors (AChRs) (Sanes and Lichtman, 1999). Preferentially, muscle
nuclei below the synapse transcribe genes encoding AChR sub-
units (Merlie and Sanes, 1985). Classically, the aggregation of
AChRs is induced by motor neuron-derived agrin and neuregu-
lins. The latter are believed to increase transcription of AChR
genes (Falls et al., 1993). However, neuregulins might not be
essential for synapse-specific transcription of AChR subunit
genes because modest or no phenotypes were detected in mice
lacking ErbB2/4 in skeletal muscle or neuregulin in motor neu-
rons and muscle fibers (Escher et al., 2005; Jaworski and Burden,
2006). Other data suggest that the primary role of neuregulins on

the postsynaptic side is involved in regulating clustering and traf-
ficking of AChRs to the surface of cells (Trinidad and Cohen,
2004; Ponomareva et al., 2006).

Neuregulins activate receptor tyrosine kinases of the EGF re-
ceptor (ErbB) family. The ErbB2/4 heterodimer is the most likely
functional receptor at the postsynaptic apparatus (Trinidad et al.,
2000). ErbB proteins are enriched at postsynaptic sites at the NMJ
(Altiok et al., 1995; Moscoso et al., 1995; Zhu et al., 1995; Trinidad
et al., 2000) and in the CNS (Garcia et al., 2000; Huang et al.,
2000). The synaptic localization of ErbB4 in the CNS is medi-
ated by the interaction of its C terminus with the PDZ domain
of the postsynaptic density protein (PSD)-95 (Garcia et al.,
2000; Huang et al., 2000). In contrast, PSD-95 interacts weakly
or not at all with ErbB2/3. Another PDZ-domain-containing
adapter protein, Erbin, interacts specifically with ErbB2 (Borg et
al., 2000; Huang et al., 2001). Erbin is the founding member of a
leucine-rich repeat (LRR) and PDZ domain (LAP) family of pro-
teins, characterized by 16 leucine-rich repeats at the N terminus
and one to four PDZ domains at the C terminus (Borg et al.,
2000). Recently, the region between LRR and PDZ of Erbin was
shown to interact with EBP50 (Rangwala et al., 2005) and Smad3
(Dai et al., 2007).

At the NMJ, the role and molecular interactions of Erbin have
not been investigated. Here, we show that (1) Erbin is localized to
the NMJ; (2) muscle cells express three Erbin isoforms; (3) Erbin
interacts with ErbB2 and the receptor tyrosine kinase MuSK,
which mediates the actions of agrin; (4) the domain of Erbin
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interacting with MuSK overlaps with the domain interacting with
Smad3; and (5) Erbin, MuSK, or constitutively active mutants of
both attenuated Smad3-mediated transcription. Knockdown ex-
periments emphasize the role of Erbin in ensuring the appropri-
ate density of AChR aggregates and microclusters. Interestingly,
in the absence of Erbin, expression of constitutively active mu-
tants of ErbB2 and MuSK end up in AChR aggregates of higher
density than aggregates formed in the presence of Erbin. Next to
Erbin, other LAP protein family members, Lano and Scribble, but
not Densin-180, were detected in myotubes.

Materials and Methods
Plasmid constructs and yeast two-hybrid experiments. Two DNA frag-
ments, each encoding the intracellular epitope of rat MuSK [GenBank
accession number (Acc. No.) U34985], were linked (named MuSK2xwt)
as described before (Cheusova et al., 2006b). The same strategy was ap-
plied for the generation of two intracellular domains from a MuSK kinase
defective mutant (named MuSK2xkd). MuSK2xwt and MuSK2xkd were
subcloned either in pGBKT7 (BD Biosciences Clontech) to generate
yeast two-hybrid bait plasmids, or in pCMV5 containing a T7- or a
myc-tag to allow expression in mammalian cells. A prey plasmid
(pGAD-GH) containing a C-terminal part of human Erbin (GenBank
Acc. No. NM_018695.2; starting at position 3017 of the open reading
frame and coding for 365 aa) fused in frame to the Gal4 activation do-
main was identified by yeast two-hybrid. A human HeLa S3 Matchmaker
cDNA library (BD Biosciences Clontech) was used for the screen. In total
8.5 � 10 6 independent yeast clones were screened. Yeast two-hybrid
analysis was performed as described previously (Cheusova et al., 2006b).

For epitope-mapping studies, different intracellular epitopes of mouse
MuSK (GenBank Acc. No. MMU37709) were used as described before
(Cheusova et al., 2006b).

Expression plasmids containing different MuSK mutants were gen-
erated by cloning a T7-tagged intracellular domain of mouse MuSK
(GenBank Acc. No. MMU37709) or 3� truncations thereof into
pCMX-PL1 using EcoRI and XhoI. PCR fragments were generated
using the following primers: 5�-GTA TTG CTG CCG AAG GAG GAA
A-3� in combination with different 3� primers: (1) MuSK-515-563:
5�-TTA CTT AGG ATT CAG AAG GAG-3�, (2) MuSK-515-682: 5�-
TTA CAG GTC ACT GTG GCT GAG-3�, (3) MuSK-857: 5�-TTA
GCG CTG CAG GAT CCT GTG-3�, (4) MuSK-515-868: 5�-TTA GAC
ACC CAC CGT TCC CTC-3�.

A CMV-driven expression plasmid containing the human myc-tagged
Erbin (pRK5 myc-Erbin) was kindly provided by Jean-Paul Borg
(INSERM, Marseille, France) and will be referred to as hErbin-v2. The
PDZ domain of human Erbin (amino acid residues 1280 –1371, Acc. No.
NM_018695.2) was cloned into pCMV5-myc using KpnI and XbaI.

PCR-amplified human Erbin-encoding epitopes were fused either to
the Gal4 activation domain by using EcoRI and XhoI of pGAD-GH (BD
Biosciences Clontech) or to GST using pGEX-KG and the restriction sites
EcoRI and HindIII or EcoRI and XhoI. For the generation of N-terminal
deletion mutants of Erbin, each one of the following 5� primers was used
for PCR: (1) hErbin-N�-1007: 5�-CCC CCG GGC TGC AGG AAT TCT
GGC ACG AG-3�, (2) hErbin-N�-1080: 5�-CGT GTC CTC CAC AGC
CTC T-3�, (3) hErbin-N�-1200: 5�-CGG AAT TCC GTA CTT CGA CAT
ATT GAA-3�, or (4) hErbin-PDZ (N�-1261): 5�-CCC TCC ATA TAC
ACA GCC C-3� together with the 3� primer: 5�-TTA TGA GGA AAC
TTC TCG-3�. For the construction of C-terminal Erbin deletion mu-
tants, fragments were amplified using the following as 5� primers: 5�-
CGG AAT TCG GCA CGA GCT CGT GCC GC-3� for pGAD-GH Erbin
clones and 5�-CCC CCG GGC TGC AGG AAT TCT GGC ACG AG-3�
for pGEX-KG Erbin clones, together with one of the following 3� prim-
ers: (1) hErbin-1007-1085: 5�-TTA AGA GGC TGT GGA GGA CAC-3�,
(2) hErbin-1007-1145: 5�-TTA CGA GCA CTC TGA GGT CTT G-3�, (3)
hErbin-1007-1204: 5�-TTA TTC AAT ATG TCG AAG TAC-3�, (4)
hErbin-�PDZ (1007–1266): 5�-TTA GGG CTG TGT ATA TGG AGG-
3�. A series of fragments encoding overlapping parts of Erbin, spanning
from the amino acid residue 1007 to the C terminus, were amplified by
PCR using the following primer pairs: (1) hErbin-697-1211: 5�-CAA

GAA GAT GAA AAT TTT AAC AGC-3� and 5�-CTT TTC TAA CTT
TTT GGC TTC AAT-3�, (2) hErbin-1007-1076: 5�-CCC CCG GGC TGC
AGG AAT TCT GGC ACG AG-3� and 5�-TTA TGT CGC TGG ATT GTA
CTT CG-3�, (3) hErbin-1050 –1151: 5�-CAG CAA GAC ATG GGG AAA
TGT-3� and 5�-TTA ATT TCA TTA ATA GAG GGT CGA GCA-3�, (4)
hErbin-1120 –1175: 5�-TGA TGC CAG GAT CAC AGA GA-3� and 5�-
TTA TGC ATT TGG TCT TTT TGA AGG-3�, (5) hErbin-1145-1229:
5�-GTG CTC GAC CCT CTA TTA ATG AAA T-3� and 5�-TTA ATA
ATT TGC CTG AGG CCT GA-3�, (6) hErbin-1175-1211: 5�-GCA AGG
GTT GGT TCT GAG C-3� and 5�-CTT TTC TAA CTT TTT GGC TTC
AAT-3�, (7) hErbin-1201-1279: 5�-TTC GAC ATA TTG AAG CCA AAA
A-3� and 5�-TTA CTT GTT TTG CCA GTT CAT GG-3�, (8) hErbin-
1212-1280: 5�-ATG CCT TTG AGT AAT GGA CAG-3� and 5�-CTC TTG
TTT TGC CAG TTC ATG-3�, (9) hErbin-1255-1371: 5�-TGA AAG TGG
CCC ACC AG-3� and 5�-TTA TGA GGA AAC TTC TCG-3�.

To create an expression plasmid for Erbin-MuSK-bd, the binding do-
main (amino acid residues 1175–1211) was cut out of the respective
pGEX-KG construct with BamHI and HindIII and cloned into pCMV5–
3xT7, which contains three times the T7 tag. The Erbin construct lacking
the binding domain for MuSK (hErbin-�MuSK-bd) was generated by
PCR using three primers: 5�-ATG ACT ACA AAA CGA AGT TTG
TTT-3� (start codon), 5�-TTA TGA GGA AAC TTC TCG TAC AA-3�
(stop codon), and 5�-CT AGT CCT TCA AAA AGA CCA AAT ATG CCT
TTG AGT AAT GGA CAG-3� (internal primer fusing amino acid resi-
dues 1174 –1212). The PCR product was cloned into pCMV5-T7 using
the restriction sites SalI and NotI and was verified by sequencing. The
coding sequence of murine Erbin (full length and �ex22/23) was ampli-
fied using mouse hindlimb-derived first cDNA as template and cloned
into pCMV5-T7 using the restriction sites SalI and NotI. Silencing of the
murine Erbin (GenBank Acc. No. NM_021563), the Lano (GenBank
Acc. No. NM_001146048.1), and the Scribble gene (GenBank Acc. No.
NM_134089.1) was performed by plasmid-derived shRNAs. Comple-
mentary oligos (Erbin 5�-GAT CCC CTG ATG CTT TCC TTG AAT TCT
TCA AGA GAG AAT TCA AGG AAA GCA TCA TTT TTG GAA A-3�
and 5�-AGC TTT TCC AAA AAT GAT GCT TTC CTT GAA TTC TCT
CTT GAA GAA TTC AAG GAA AGC ATC AGG G-3�, Lano 5�-GAT
CCC CGA GAG AAT CTT CTT ACA TAT TCA AGA GAT ATG TAA
GAA GAT TCT CTC TTT TTA-3� and 5�-AGC TTA AAA AGA GAG
AAT CTT CTT ACA TAT CTC TTG AAT ATG TAA GAA GAT TCT
CTC GGG-3�, and Scribble 5�-GAT CCC CAG CAC TTC AAG ATC
TCC AAT TCA AGA GAT TGG AGA TCT TGA AGT GCT TTT TTA-3�
and 5�-AGC TTA AAA AAG CAC TTC AAG ATC TCC AAT CTC TTG
AAT TGG AGA TCT TGA AGT GCT GGG-3�) were designed and used
as before (Cheusova et al., 2006b). To quantify the strength of silencing
the Erbin gene by luciferase assays, Erbin encoding cDNA was amplified
(5�-GCC ATG TCG CTG TCT ACG AGG A-3� and 5�-TTA AAA GTC
CTG GAG GTT TTC ACA-3�) using C2C12 cell-derived first cDNA as
template and cloned into pCMX-PL1-luciferase.

To create a murine Smad3 expression plasmid, total RNA was ex-
tracted from hindlimb muscles, reverse transcribed, and amplified by
PCR with the following primers: 5�-TAT GGTACC GGT GAC CCT TCG
GTG CCA GCC-3� and 5�-TAT TCTAGA CTA AGA CAC ACT GGA
ACA GCG-3�, and cloned into pCMV5-myc using KpnI and XbaI.

The expression plasmid for ErbB2 (pNEU rat ErbB2) was a generous
gift from Hans-Rudolph Brenner (Institution of Physiology, Basel,
Switzerland).

For the generation of a MuSK-specific antibody, different exposed
epitopes of mouse MuSK were amplified by PCR using the following
primer pairs: (1) 5�-TGC TGC CGA AGG AGG AAA GA-3� and 5�-ATA
CTC CAG GCT GAG CAA CT-3� (juxtamembrane region, GenBank
Acc. No. NM_010944.1, amino acid residues 519 –572), (2) 5�-TAC TAT
GGA ATG GCC CAC GA-3� and 5�-GGC GAG GAT GTT GCC ATC
TCT CA-3� (epitope within the kinase domain, amino acid residues 805–
824). Both PCR products were cloned as His-tagged fusion into pET28a
(Merck), and the fusion protein is referred to as MuSK-20kd to indicate
its molecular weight.

For whole-mount DIG in situ hybridization of mouse diaphragm, a
DIG-labeled RNA probe, comprising part of exon 21 of mouse Erbin, was
generated by amplifying (5�-TAT GGA TTC CAG CCA GGC ATG
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GAG AAA TGT-3� and 5�-TAT CTC GAG
CTC AAT GTG TCG TAG TAC TTG-3�) and
cloning mouse Erbin (GenBank Acc. No.
NM_001005868) from 3469 to 3917 bp into
pGEM Teasy (Promega).

Tissue culture, transfection, extract preparation,
Western blot, luciferase assays, immunoprecipita-
tion, GST pull downs. HEK293 cells were main-
tained as described previously (Cheusova et al.,
2006b). C2C12 cells were maintained for prolif-
eration in DMEM containing 20% (v/v) fetal calf
serum. For differentiation, the medium was re-
placed by DMEM with 5% (v/v) heat-inactivated
horse serum (Invitrogen). Myotubes formed af-
ter 4–6 d.

Primary skeletal muscle cells were prepared
from leg muscles of neonatal mice. In brief, the
tissue was minced with a razor blade, dissoci-
ated with collagenase type IV (Sigma-Aldrich)
and Dispase II (Roche) in Mg 2�- and Ca 2�-
free HBSS buffer. Digestion was stopped by
adding FCS. After filtering through a cell
strainer (Invitrogen) and centrifugation, cells
were resuspended in 80% Ham’s F10 (Ca 2�-
free), 20% FCS, 1% penicillin/streptomycin,
and recombinant human fibroblast growth fac-
tor (5 ng/ml) (Promega). Subsequently, cells
were seeded on Matrigel-coated plates (Invitro-
gen). After 24 h, the culture medium was re-
placed by 40% DMEM, 40% Ham’s F10, 20%
FCS, 1% penicillin/streptomycin, and recom-
binant human fibroblast growth factor (5 ng/
ml). For electroporation, 5 � 10 5 primary
skeletal myoblasts were used according to the
manufacturer’s instructions (Nucleofector,
Lonza Cologne). Transfection efficiency was
determined after 24 h. At the same time, pri-
mary skeletal muscle cells reached confluence
and the medium was replaced by 98% DMEM,
2% horse serum, and 1% penicillin/streptomy-
cin. After 3– 4 d, the cells differentiated into
myotubes.

HEK293 cells were transiently transfected
using polyethylenimine (Sigma-Aldrich). Cells
grown in 10 cm Petri dishes were incubated
with 10 �g of plasmid DNA and 31 �l of poly-
ethylenimine (0.05%, w/v) for 12 h. After 48 h,
cells were harvested and lysed by incubating
them with lysis buffer (50 mM HEPES, pH 7.5,
10% glycerol, 150 mM NaCl, 1% Triton X-100,
1.5 mM MgCl2, 1 mM EGTA, pH 8) and pro-
teinase inhibitors (1 mM PMSF, 10 �g/�l apro-
tinin, 10 �g/�l leupeptin). C2C12 myoblasts
were transiently transfected using polyethyl-
enimine (Sigma-Aldrich). Cells grown in 3.5
cm Petri dishes and reaching a density of �90%
were incubated with 3 �g of plasmid DNA
and 20 �l of polyethylenimine 0.05% (w/v).
After centrifugation for 10 min at 1000 rpm,
C2C12 cells were incubated for 4 h with the
transfection reagent. The growth medium was replaced by differenti-
ation medium with low serum content to permit the formation of
myotubes.

Monoclonal antibodies directed against the T7- (Merck), the myc-
(New England Biolabs), the HA-epitope (Santa Cruz Biotechnology) or
polyclonal antibodies directed against Erbin or MuSK served as primary
antibodies. Horseradish-peroxidase-coupled-protein A or anti-mouse-Ig-
coupled-horseradish-peroxidase was used as secondary detection reagent in
Western blots using the ECL detection system (GE Healthcare). C2C12 cells

were transfected for immunocytochemistry using Lipofectamine 2000 (In-
vitrogen) according to the manufacturer’s instructions.

The production of agrin-conditioned medium was described before
(Cheusova et al., 2006b). Agrin-conditioned medium was added to pri-
mary skeletal or C2C12 myotubes at 1:8 dilutions. AChR microclusters
were detected without agrin treatment by staining them with rhodamine-�-
bungarotoxin (Invitrogen). To induce AChR aggregates, cells were treated
with soluble nerve-derived agrin48 for 16 h, stained the same way with Rh-
BTX, fixed, embedded, and quantified.

Figure 1. Erbin interacts with MuSK. a, Scheme of wild-type MuSK and two MuSK mutants (MuSK2xwt, MuSK2xkd). The
mutants are generated by linking two intracellular parts of MuSK together via a peptide linker, thereby imitating the dimeric active
intracellular part of wild-type MuSK. Each of the mutants was used for yeast two-hybrid. The term kd reflects the use of a
kinase-defective MuSK mutant. Ig, Ig-like domain; C6, cysteine-rich region; TM, transmembrane segment; JM, juxtamembrane
region. b, Illustration of the epitopes of the human Erbin-variant2 (hErbin-v2) (Favre et al., 2001). Below the scheme of human
Erbin-v2, the area of Erbin interacting with MuSK is drawn (hErbin-N�-1007). SID, Smad-interacting domain; WW, Trp-Trp; SH3,
Src homology domain 3. c, The growth of different yeast clones on agar lacking histidine and adenine is shown. Note that yeast cells
are able to grow if they contain either MuSK2xwt or MuSK2xkd as bait plasmids and the C-terminal part of human Erbin (hErbin-
N�-1007) as prey plasmid, or if they contain p53 and SV40 large T antigen (positive control). d, e, Extracts of transiently transfected
HEK293 cells were used to precipitate MuSK2xwt, MuSK2xkd, or full-length hemagglutinin (HA)-tagged MuSK. As a consequence
human Erbin-v2 was coprecipitated. The amount corresponding to 1/10 of the input was ascertained by Western blot. f, g,
Precipitation of endogenous Erbin or MuSK proteins from C2C12 cells or hindlimb muscle cell extracts coprecipitated MuSK or Erbin
as indicated.
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For GST pull downs, bacteria were transformed with the respective
constructs, grown until OD600 0.4, and induced with 1 mM IPTG for 4 h
to express the GST-fusion proteins. Bacteria were collected by centrifu-
gation, incubated in sonication buffer (50 mM NaH2PO4, 300 mM NaCl,
25 U/ml Benzonase, 10 �g/ml leupeptin, 10 �g/ml aprotinin, 1 �l/ml
Triton X-100, 10 �g/ml DNaseI, 15 U/�l lysozyme) at 4°C for 30 min,
lysed by sonication, and centrifuged. The supernatants containing the
GST-fusion proteins were supplemented with 30 �l of equilibrated glu-
tathione beads and incubated under constant rotation at 4°C for 2–12 h.
After washing three times with 4.3 mM Na2HPO4, 1.47 mM KH2PO4, and
137 mM NaCl or alternatively with 20 mM NaCl and 2.7 mM KCl, an
aliquot of the beads, now carrying the GST-fusion protein, was incubated
with 25 �l up to 300 �l of extract from HEK293 cells expressing the
desired protein after transient transfection. Proteins bound to the beads
were analyzed by SDS-PAGE and Western blot.

For preparation of cell extracts, transiently transfected HEK293 or
C2C12 cells were grown on 100 mm plates. The formation of AChR
aggregates on C2C12 cells was induced by incubating them with nerve-
derived agrin for 16 h. For preparation of muscle tissue extract, rat soleus
and gastrocnemius muscles were frozen in liquid nitrogen and mashed.
In all cases, tissue or cells were washed twice with cold PBS and lysed in
lysis buffer (50 mM HEPES pH 7.5, 10% glycerol, 150 mM NaCl, 1%
Triton X-100, 1.5 mM MgCl2, 1 mM EGTA) supplemented with 1 mM

phenylmethylsulfonylfluoride (PMSF), 10 �g/ml aprotinin, and 10
�g/ml leupeptin. The expression level of protein was analyzed by West-
ern blot for each extract. Next, monoclonal antibodies against the T7-
(Merck) or hemagglutinin-epitope (New England Biolabs) or polyclonal
sera directed to either MuSK or Erbin were added together with PBS-
equilibrated protein A Sepharose CL-4B beads (GE Healthcare) and pre-
cipitated overnight. After washing the beads in 50 mM HEPES, pH 7.5,
150 mM NaCl, 1 mM EDTA, 10% glycerol, 0.1% Triton X-100, 1 mM

PMSF, 10 �g/ml leupeptin, and 10 �g/ml aprotinin, the precipitated
proteins were analyzed by SDS-PAGE and Western blot.

AChR�-luciferase reporter assays were performed using transiently
transfected primary skeletal muscle cells or C2C12 myoblasts to investi-
gate the role of different Erbin or MuSK mutants. The AChR�-luciferase
reporter construct contains 416 nt of the 5�-untranslated region of the
AChR� gene in front of the luciferase gene. Four hours after transfection
of C2C12 cells with polyethylenimine (0.05% w/v), myoblasts were dif-
ferentiated to myotubes, stimulated with 5 nM NRG�1 for 24 h, and
harvested, and cell extracts were prepared for luciferase assays. Primary
skeletal muscle cells were transfected by Nucleofector (Lonza Cologne).
To neutralize autocrine saturation of ErbB activation by endogenous
neuregulin, anti-NRG�1 antibody (30 �g/ml; Ab2, Thermo Fischer Sci-
entific) was added to control cultures at the time when exogenous
NRG�1 was added to test cultures.

SBE4-luciferase reporter assays were performed using transiently
transfected C2C12 myoblasts with a SBE4-luciferase reporter (Zawel et
al., 1998) and other expression plasmids (HA-tagged hErbin-v2, HA-
tagged MuSK, or myc-tagged Smad3). After transfection, cells were dif-
ferentiated to myotubes, stimulated with 5 nM TGF-� (R&D Systems) for
24 h, and harvested, and cell extracts were prepared for luciferase assays.

To investigate the silencing capacity of Erbin-specific shRNA, pSuper
plasmid (Oligoengine) or a pSuper plasmid bearing a short stretch of an
Erbin-coding DNA was transfected into HEK293 cells. Cell extracts were
prepared for luciferase assays 48 h after transfection.

RNA preparation, reverse transcription, and PCR. Total RNA was ex-
tracted from mouse tissues or C2C12 cells with TRIzol reagent (Invitro-
gen) as described previously (Cheusova et al., 2006b). After reverse
transcription, cDNA was used with the following mouse-specific primer
pairs for quantitative PCRs using the Lightcycler–FastStart DNA Master
SYBR Green Kit and the Lightcycler Thermal Cycle System (Roche Di-
agnostics) according to the manufacturer’s instructions: (1) MuSK: 5�-
GCC TTG GTT GAA GAA GTA GC-3� and 5�-CTT GAT CCA GGA
CAC AGA TG-3�; (2) AChR�: 5�-ACG CTG AGC ATC TCT GTC TT-3�
and 5�-TTG GAC TCC TGG TCT GAC TT-3�; (3) Erbin: 5�-CAG GAG
AGT GTT GCC AAG AT-3� and 5� CAT GGC CTT GTC TAG GAG AA
3�; (4) TGF-�RI: 5�-TCT GCC ATA ACC GCA CTG TC-3� and 5�-TCT
CTG CCT CTC GGA ACC AT-3�; (5) TGF-�RII: 5�-TCA CCT ACC

ACG GCT TCA CT-3� and 5�-TCA GCT TGG CCT TGT AGA CC-3�; (6)
Smad3: 5�-GAG AGT AGA GAC GCC AGT TC-3� and 5�-AGT AGG
TGA CTG GCT GTA GG-3�; (7) �-actin: 5�-TGG AAT CCT GTG GCA
TCC ATG AAA-3� and 5�-TAA AAC GCA GCT CAG TAA CAG TCC
G-3�. For detection of mouse Erbin splice variants, the following primer
pair was used: 5�-GCG TGT CTT CAA CGG CTT CT-3� and 5�-ACT
GTA GCC ATT AGC CTG AA-3�. The three amplified DNA fragments
have been purified, subcloned into pGEM Teasy, and verified by
sequencing.

Immunohistochemistry and microscopy. C2C12 myoblasts were tran-
siently transfected with 0.75 �g of a pSuper.GFP vector expressing a
scrambled shRNA or an Erbin-, Lano-, or Scribble-specific shRNA. After
transfection, the myoblasts were immediately transferred into differen-
tiation medium. Myotubes were formed after several days, then incu-
bated with nerve-derived agrin-conditioned medium for 16 h and
stained afterward by adding Rh-BTX (1:2000, rhodamine-�-bungaro-
toxin; Invitrogen) to the medium for 1 h. Cells were washed with PBS,
fixed in 4% PFA for 10 min, and embedded in Mowiol.

AChR cluster stability was determined as described before (Cheusova
et al., 2006b).

Confocal images of primary skeletal muscle cells or C2C12 cells were
taken, as described before, using the Leica confocal microscope TCS SL
(Cheusova et al., 2006). The confocal stacks were shown as average pro-
jections comprising several stacks taken with an interval of 0.5 �m. The
analysis of the fluorescence intensity of the cluster area in each stack was
determined with the Leica confocal software TCS SL version 2.5.1347a.

Figure 2. Distribution of AChR�, MuSK, and Erbin in muscle cells. The distribution
of different transcripts was followed by quantitative RT-PCR in brain (used as control)
and extrasynaptic and synaptic regions of diaphragm. Results are presented as graphs.
a, b, AChR� and MuSK were used as controls, because their transcript levels are known to
be enriched at synaptic sites of diaphragms. c, Erbin is also transcribed at a higher rate at
synaptic sites of the diaphragm. Quantitative RT-PCR data were normalized to �-actin.
Transcript levels in extrasynaptic parts of the diaphragm were set to 1. d, Images present
diaphragm tissue of a wild-type mouse 6 d after birth stained by in situ hybridization using
an antisense or a sense Erbin riboprobe, as indicated.
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In total, �65 (C2C12 cells) or �50 (primary
skeletal muscle cells) randomly chosen clusters
for each transfection with scrambled shRNA or
Erbin-, Lano-, or Scribble-specific shRNA have
been measured.

A nerve-derived agrin-dependent AChR clus-
ter was defined as an aggregation of AChRs with
�5 �m in length (Weston et al., 2000). AChR
microclusters were 1–5 �m in length with a sur-
face area of 1–4.5 �m2 (Henriquez et al., 2008).

The influence on myotube formation in the
presence of Smad3, MuSK, a constitutively active
MuSK mutant (MuSKneuTMuSK) (Jones et al.,
1999), a constitutively active erbB2 mutant
(neuT) (Bargmann et al., 1986), or hErbin-v2
was analyzed by identifying transiently trans-
fected cells expressing a cotransfected pCMX-
PL2-GFPnls (Hashemolhosseini et al., 2000).
GFP-positive cells were counted and the ratio be-
tween myoblasts and myotubes was determined.

For immunohistochemical analysis, all mus-
cles were quickly frozen in prechilled isopen-
tane. Muscles from adult mice were cryotome
sectioned to 10 �m slices. Unfixed sections
were rinsed with PBS and permeabilized for
5–10 min in PBS supplemented with 0.1% Tri-
ton X-100, blocked in 10% fetal calf serum and
1% bovine serum albumin for 1–2 h. Cryotome
sections were stained for AChR with Alexa-�-
bungarotoxin or rhodamine-�-bungarotoxin
at 1:2500 dilution (Rh-BTX, Invitrogen) or in-
cubated with anti-Erbin (1:100). Either a self-
made antibody (anti-MuSK20kd; 1:500) or
anti-MuSK (1:1000), which was kindly pro-
vided by Markus Ruegg (Biozentrum, Basel,
Switzerland), was used as MuSK-specific anti-
body. Secondary antibodies conjugated to Cy2
or Cy3 immunofluorescent dye (Dianova)
were used for detection of Erbin and MuSK.
Sections were analyzed and documented using
a Leica inverted microscope (DMIRB)
equipped with a cooled MicroMax CCD cam-
era (Princeton Instruments) or a Leica confo-
cal microscope TCS SL equipped with Leica
confocal software TCS SL version 2.5.1347a.

Results
Identification of an interaction between
Erbin and MuSK
Our aim was to identify, by Y2H screens,
new proteins interacting with the intracel-
lular domain of MuSK. To this end, we
linked two identical intracellular domains
of MuSK together via a peptide linker
(MuSK2xwt) (Fig. 1a). In the same way, a
second dimer was generated for a kinase-
defective MuSK variant (MuSK2xkd) (Fig.
1a). Expression of these constructs and their
applicability for yeast two-hybrid screens
have been described (Cheusova et al., 2006b). Although
MuSK2xwt (but not MuSK2xkd) was previously shown to be
autophosphorylated, now when expressed in mouse primary myo-
tubes, neither was it able to stimulate a cotransfected AChR�-
promoter Luciferase reporter construct (AChR�-Luc), nor was
the formation of AChR aggregates by agrin affected (supplemental
Fig. 1, available at www.jneurosci.org as supplemental material).

This is not surprising given that MuSK2xwt lacks a transmembrane
region and is not localized in the membrane.

Among the yeast clones identified, two contained a fragment
of the human LAP protein family member Erbin (hErbin-N�-
1007) (Fig. 1b). This fragment coded for the entire C-terminal
part beginning with the codon for amino acid residue 1007 and
ending with the stop codon. In human tissues, several splice vari-
ants of Erbin transcripts have been described (Favre et al., 2001).

Figure 3. Erbin colocalizes with postsynaptic specializations in vivo. a, b, Frozen 12-�m-thick cryotome cross sections of
surgically denervated (5 d after operation) or innervated (contralateral) mouse hindlimb muscles were immunoassayed with
rhodamine-�-bungarotoxin (shown in red) and an Erbin-reactive antibody (shown in green). Note that the colocalization between
Erbin and postsynaptic specializations is also present in the absence of the nerve. c, Direct colocalization between MuSK and Erbin
was verified by staining muscle cross sections with MuSK- and Erbin-recognizing antibodies. d, To exclude a staining of terminal
Schwann cells with Erbin-reactive antibodies, ectopic postsynaptic membranes were generated. A typical image showing subcel-
lular colocalization of AChR clusters and Erbin at ectopic postsynaptic membranes is presented. e, As illustrated, nerve-derived
agrin and a nuclear localized GFP (pnls-GFP) (Hashemolhosseini et al., 2000) were injected into single muscle fibers to generate
ectopic postsynaptic membranes. d, Note that in d, a single projected image of a set of Z-images obtained by confocal microscopy
is shown. Scale bar, 20 �m.
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Here we found the C-terminal part of human Erbin variant 2
(hErbin-v2) (Fig. 1b). Additional yeast two-hybrid interaction
assays confirmed that MuSK2xwt interacts with hErbin-N�-
1007 (Fig. 1c). The same interaction was also detected between the
kinase-defective intracellular part of MuSK and hErbin-N�-1007
(MuSK2xkd) (Fig. 1c).

To examine whether Erbin and MuSK interact outside of
yeast, we transiently transfected HEK293 cells with Erbin alone or
together with T7-tagged MuSK2xwt or MuSK2xkd. Immunopre-
cipitating these cell extracts by using a T7-tag-specific antibody rec-
ognizing MuSK2xwt or MuSK2xkd led to coprecipitation of full-
length human Erbin-v2 (Fig. 1d). When we used cell extracts
of HEK293 cells transfected with full-length MuSK, we detected
again coprecipitation of human Erbin-v2 (Fig. 1e). To analyze
whether the interaction between Erbin and MuSK also occurs
when both are expressed at physiological amounts, we per-
formed coimmunoprecipitations using either C2C12 or hind-
limb muscle extract, where Erbin and MuSK are endogenously
coexpressed (Fig. 1f,g). Indeed, Erbin and MuSK were coprecipitated
by their respective binding partner (Fig. 1f,g).

Erbin transcript and protein is enriched at synaptic sites of
muscle fibers
Given that Erbin and MuSK interact physically, we sought to
determine the spatial expression profile of Erbin in synaptic and
extrasynaptic regions of skeletal muscle. To this end, we com-
pared the transcript levels of Erbin with those of other transcripts
known to accumulate at the NMJ, such as MuSK and AChR� by
RT-PCR (Merlie and Sanes, 1985; Valenzuela et al., 1995). For
first-strand cDNA preparation, we used total RNA extracted
from synaptic and extrasynaptic regions of diaphragms of mice.
As control, we used first-strand cDNA from the CNS (brain),
which was reported to contain only marginal amount of MuSK

transcript (Cheusova et al., 2006a; Garcia-
Osta et al., 2006). As expected, the mR-
NAs of MuSK and AChR� were enriched
in the synaptic region of the diaphragm
(Fig. 2a,b). Erbin transcript quantity was
significantly higher in muscle than in
brain, and transcript levels were signifi-
cantly higher in the synaptic than in the
extrasynaptic part of diaphragms (Fig.
2c). Finally, we confirmed the local syn-
aptic transcription of Erbin by perform-
ing whole-mount in situ hybridization
on diaphragms of mice (Fig. 2d).

Next, we asked whether Erbin protein
is concentrated at postsynaptic sites in
vivo. Previously, Erbin was detected at
postsynaptic specializations of the hind-
limb muscle of mice (Huang et al., 2001).
By immunofluorescent staining of cross
sections of soleus muscle, we detected a
significant accumulation of Erbin at the
NMJs, where it colocalized with synaptic
AChRs (Fig. 3a). Moreover, we showed
for the first time a direct colocalization
between Erbin and MuSK (Fig. 3c).
Postsynaptic localization of Erbin was
confirmed in two ways: (1) in chronically
denervated muscle where presynaptic ter-
minals had degenerated (Fig. 3b) and (2)
by demonstrating colocalization of Erbin

and AChRs at ectopic postsynaptic membranes induced by re-
combinant nerve-derived agrin (Fig. 3d,e).

The Smad-interacting domain of Erbin mediates the
interaction with the kinase domain of MuSK
To map the epitopes of MuSK and Erbin interacting with each
other, we used a series of C-terminal truncations of MuSK (Fig.
4a). First, in yeast two-hybrid assays, we observed growth of the
yeast when hErbin-N�-1007 was used as prey only together with
the bait constructs MuSK-515-868 and MuSK-515-857. MuSK-
515-868 comprises the complete intracellular part of MuSK.
MuSK-515-857 contains the MuSK kinase domain without the
PDZ-binding domain located at the very C terminus. Further
C-terminal deletion mutants of MuSK were unable to ensure
growth of the yeast (Fig. 4b). Second, we transfected expression
plasmids for the same truncations of MuSK into HEK293 cells.
GST pull-down experiments with a recombinant GST-tagged
hErbin-N�-1007 protein and MuSK-containing HEK293 cell ex-
tracts confirmed only an interaction between the C-terminally
truncated MuSK variants, MuSK-515-868 or MuSK-515-857,
and hErbin-N�-1007 (Fig. 4c).

Next we sought to identify the sequence of hErbin-N�-1007
interacting with MuSK. To this end, we generated several hErbin-
N�-1007 deletion mutants, truncated at either their N- or
C-terminal ends (Fig. 5a). First, we transfected preys consisting of
each of the hErbin-N�-1007 mutants together with a bait plas-
mid encoding MuSK2xwt into yeast. Only yeast cells that con-
tained, in addition to MuSK2xwt, either hErbin-N�-1007 or the
Erbin fragment deleted up to amino acid residue 1200 (hErbin-
N�-1200) grew on selective medium (Fig. 5b). When the hErbin-
N�-1007 fragment was trimmed at its C terminus, only yeast
containing Erbin starting from amino acid residue 1007 and end-
ing at amino acid residue 1266 (hErbin-�PDZ) or 1204 (hErbin-

Figure 4. The interaction between MuSK and Erbin requires the kinase domain of MuSK. a, Schematic presentation of MuSK
mutants containing C-terminal truncations of their intracellular domain for the use in yeast two-hybrid experiments and GST
pull-down assays. PDZ-bd, PDZ binding domain. b, The image shows the growth of yeast clones transformed with different
combinations of bait and prey plasmids on agar lacking histidine and adenine. Apart from yeast containing p53 and SV40 large T
antigen (positive control), only yeast clones that contained bait plasmids encoding the whole kinase domain of MuSK together with
human Erbin-N�-1007 as prey plasmid grew. c, Western blots demonstrated that by GST pull-down studies, MuSK mutants
lacking any part of their kinase domain are unable to interact with human Erbin-N�-1007.
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1007-1204) grew on selective medium
(Fig. 5c). Furthermore, we confirmed the
epitopes of Erbin that interact with MuSK
by GST pull downs (Fig. 5d,e). Thus,
amino acids 1145–1261 were required for
interaction. To further narrow down the
sequence of Erbin important for this in-
teraction, we expressed, extracted, and
purified a series of overlapping GST-
tagged fragments representing parts of the
hErbin-N�-1007 protein in bacteria (Fig.
6a). We incubated them with HEK293 cell
extracts containing MuSK2xwt (Fig. 6b,c).
These experiments revealed that a se-
quence of hErbin-N�-1007 comprising
amino acids 1175 and 1229 is required for
the interaction between Erbin and MuSK
(Fig. 6b,c). This sequence is encoded by
the 3�-end of exon 21 and 5�-end of exon
23, because hErbin-N�-1007 is part of
splice variant hErbin-v2, which lacks exon
22. Narrowing down hErbin-N�-1007
even further showed that amino acid res-
idues 1145–1211, which are encoded only
by exon 21, are necessary and sufficient
for MuSK–Erbin interaction. Conspicu-
ously, the identified MuSK binding do-
main nearly overlaps with a recently
identified Smad-interacting domain of
Erbin (Dai et al., 2007).

We asked whether muscle cells express
different isoforms of Erbin at the NMJ,
some with and others without exon 21.
PCR studies with specific primers and first
cDNA, reverse transcribed from total
RNA of C2C12 cells or murine dia-
phragms, revealed mainly three different
muscle-specific Erbin transcripts (Fig.
6d). In addition to the hErbin-v2 tran-
script, C2C12 cells and diaphragm express a full-length Erbin
transcript and a variant that lacks exons 22 and 23 (Fig. 6d). Note
that the bands for each of the three isoforms of Erbin appeared in
different ratio within the same tissue (Fig. 6d).

Next, we examined whether the area of Erbin that interacted
with MuSK2xwt will also interact with full-length MuSK. First,
we generated expression plasmids of three additional differently
deleted Erbin variants, (1) a variant that lacks exons 22 and 23, (2)
a variant where the MuSK binding domain is missing, and (3) a
variant comprising only the MuSK binding domain (Fig. 7a). The
expression of each variant was verified by immunodetection using
cell extracts of transiently transfected HEK293 cells (Fig. 7b). Each
Erbin variant was then coexpressed with full-length MuSK, and the
cell extracts were used for coimmunoprecipitation studies (Fig. 7c–
e). Of these fragments, all except hErbin�MuSK-bd caused copre-
cipitation of full-length MuSK (Fig. 7c,d). This indicates that the
MuSK binding domain of Erbin is sufficient to interact with MuSK,
and that other epitopes of Erbin do not contribute to this interaction
(Fig. 7d).

To examine whether all three proteins ErbB2, Erbin, and
MuSK concomitantly interact and form a trimeric complex, we
purified GST-tagged recombinant Erbin variants, composed of
hErbin-N�-1007, hErbin-PDZ, or hErbin-MuSK-bd, and incu-

bated them with full-length MuSK- or ErbB2-containing
HEK293 cell extracts (Fig. 7d,e). Indeed, pulling down hErbin-
N�-1007 allowed coprecipitation of both full-length ErbB2 and
MuSK (Fig. 7e). If HEK293 cell extracts contained additionally
hErbin-PDZ or hErbin-MuSK-bd, the coprecipitation of ErbB2
or MuSK was abolished, respectively (Fig. 7e). As controls, hu-
man Erbin-PDZ or Erbin-�PDZ were able to precipitate only
ErbB2 or MuSK, respectively, from an ErbB2- and MuSK-
containing HEK293 cell extract (Fig. 7e).

It has been reported that neuregulin stimulates transcription
of the �-subunit of the AChR (Si et al., 1997). Erbin was previ-
ously shown to inhibit this neuregulin-dependent AChR�-
subunit reporter gene stimulation (Huang et al., 2003). This
inhibition was assigned to the LRR domain of Erbin (Dai et al.,
2006). We wondered whether Erbin mutants either lacking or
solely composed of the MuSK binding domain might influence
the enhanced transcription of an AChR �-subunit reporter gene
mediated by a constitutively active ErbB2 (neuT) (Bargmann et
al., 1986). C2C12 cells were transiently cotransfected with the
reporter gene together with hErbin-v2 or with different Erbin
mutants (Fig. 7f). Extracts were prepared 48 h after myotube
formation, and luciferase activities were assayed. In myoblasts
and in the absence of a neuT, enhanced AChR �-subunit reporter
expression was inhibited by Erbin and an Erbin mutant that lacks

Figure 5. Identification of the epitope of Erbin that interacts with MuSK. a, Illustration of full-length and different N- and
C-terminal truncations of human Erbin-v2 used for yeast two-hybrid studies and GST pull downs. b, c, Growth of yeast clones
containing different combinations of bait and prey plasmids on agar lacking histidine and adenine. Only yeast containing
MuSK2xwt as bait plasmid and a prey plasmid that encodes at least part of the region of Erbin between amino acids 1145 and 1261
is able to grow in the absence of the auxotrophic markers. d, e, GST pull-down assays confirmed that the area of human Erbin-v2
spanning amino acids 1145–1261 is necessary for binding of MuSK.
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the MuSK binding domain (Fig. 7f, lower panel). Surprisingly,
the Erbin MuSK binding or PDZ domain alone were unable to
inhibit the AChR �-subunit reporter. In the presence of neuT, the
Erbin PDZ domain even stimulated the AChR �-subunit reporter
by more than twofold. As shown before in the absence of neuT,
Erbin inhibited AChR �-subunit reporter gene transcription in
C2C12 myotubes (Fig. 7f, lower panel) (Huang et al., 2003). More-
over, the Erbin MuSK binding domain also inhibited AChR
�-subunit reporter expression. Erbin mutants that lacked the MuSK
binding domain were unable to inhibit strongly the AChR
�-subunit reporter. In the presence of neuT, only the Erbin
MuSK binding domain inhibited AChR �-subunit reporter
expression. In contrast, the expression level of the AChR

�-subunit reporter was highest if the
PDZ domain of Erbin was cotransfected
into the myotubes (Fig. 7f ).

Erbin enhances aggregation of AChRs
in primary skeletal myotubes and
C2C12 cells
Previously, Erbin was shown to interact
with ErbB2 and to be enriched at the NMJ
(Borg et al., 2000; Huang et al., 2001).
Having identified Erbin interacting with
MuSK, thereby linking MuSK with ErbB2,
we sought to investigate the biological
significance of this interaction. To this
end, we investigated whether ablation
or overexpression of Erbin will affect
AChR clustering. First, we designed sev-
eral shRNA-producing vectors and dem-
onstrated their efficiency to knock down
Erbin transcript. As examined by lucif-
erase reporter assays, one of the shRNA
species reduced the amount of Erbin tran-
script by �80% (supplemental Fig. 2a,
available at www.jneurosci.org as supple-
mental material). Cotransfection of Erbin
expression and Erbin shRNA plasmids in
HEK293 cells abolished Erbin protein ex-
pression almost completely (supplemen-
tal Fig. 2b, available at www.jneurosci.org
as supplemental material). To examine
the effects of different Erbin protein lev-
els on AChR aggregation in muscle cells,
we transiently transfected an Erbin ex-
pression plasmid together with pnls-GFP
(Hashemolhosseini et al., 2000), or the
Erbin shRNA plasmid, into murine pri-
mary skeletal myotubes or C2C12 cells
(data with C2C12 cells are shown as sup-
plemental Fig. 3, available at www.
jneurosci.org as supplemental material).
By addition of nerve-derived agrin to the
myotubes and staining with rhodamine-
labeled bungarotoxin, the influence of
modulated Erbin protein amounts on
AChR cluster formation was investigated
by confocal microscopy. Surplus of Erbin
did not influence AChR clustering (data
not shown). A decreased amount of Erbin
protein significantly reduced the density
of aggregated AChRs (Fig. 8a). When

scrambled shRNA was transfected, AChR aggregation was not
affected (Fig. 8a). To see whether the size of AChR aggregates
differs between muscle cells transfected with Erbin or scrambled
shRNA, the length and surface area of the AChR aggregates were
analyzed (Fig. 8b,c). On the one hand, no difference could be
detected, arguing that the physical dimensions of AChR aggre-
gates did not change by knockdown of Erbin. On the other
hand, comparing the mean fluorescence intensity of AChR
aggregates with the length or area of AChR aggregates showed
that knockdown of Erbin decreased the density of AChR ag-
gregates (Fig. 8d–f ). Next, we asked whether knockdown of
Erbin will affect also the density of microclusters, which were formed

Figure 6. The MuSK binding domain of Erbin is encoded by exon 21. a, Drawing of full-length human Erbin-v2 and small
fragments representing parts of Erbin. Each of these recombinant fragments was expressed and purified as GST fusion for pull-
down assays. GST fusion proteins were incubated together with HEK293 cell extracts containing myc-tagged MuSK2xwt. b, West-
ern blot of GST pull-down experiments immunoassayed with an anti-myc antibody to detect myc-tagged MuSK2xwt. Note that the
shortest Erbin part able to pull down MuSK2xwt spans from amino acid residue 1145 to 1229. c, Western blot images of GST
pull-down experiments, like in b, are presented. Here, Erbin mutants were designed such that they helped to define exactly the
MuSK binding domain of Erbin. Note that amino acid residues encoded by exon 23 were completely unable to interact with
MuSK2xwt. d, RT-PCRs were performed to find out whether either C2C12 cell nuclei or extrasynaptic or synaptic nuclei of dia-
phragm muscle fibers transcribe differently spliced Erbin variants. MB, Myoblast; MT, myotube.
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in the absence of agrin (Fig. 8f). In fact, we
observed a lower fluorescence intensity of
AChR microclusters (Fig. 8f).

We aimed to know whether the knock-
down of Erbin will affect AChR gene expres-
sion. To this end, we transiently transfected
muscle cells with AChR�-reporter, Erbin
shRNA, and ErbB2 or a constitutively active
MuSK (MuSKneuTMuSK) (Jones et al.,
1999). It turned out that knockdown of Erbin
diminished ErbB2-dependent reporter gene
activity (Fig. 8g, supplemental Fig. 2, available
at www.jneurosci.org as supplemental mate-
rial). It was reported that MuSKneuTMuSK
does not induce AChR�-luciferase re-
porter (Jones et al., 1999). We did not ob-
serve any change in luciferase activity
when we knocked down Erbin in muscle
cells transfected with MuSKneuTMuSK and
AChR�-luciferase reporter (Fig. 8g, supple-
mental Fig. 3, available at www.jneurosci.
org as supplemental material).

Altogether, we confirmed that AChR ag-
gregates formed in the absence of Erbin have
significantly less fluorescence intensity re-
gardless of whether they are formed in the
presence or absence of agrin. To find out
whether AChR aggregates will disappear
faster in the absence of nerve-derived agrin
and Erbin, we transiently transfected C2C12
cells with either an empty plasmid, scram-
bled shRNA, or Erbin shRNA and measured
the number of AChR clusters remaining af-
ter removal of nerve-derived agrin. The
number of remaining AChR clusters de-
creased with time independently of the pres-
ence or absence of agrin (Fig. 8h).

Finally, we investigated whether in
C2C12 myotubes the knockdown of Erbin
affects the density of AChR aggregates (n �
36) formed in the presence of constitutively
active mutants of ErbB2 (neuT) or MuSK
(MuSKneuTMuSK). Surprisingly, expres-
sion of neuT or MuSKneuTMuSK compen-
sated for the decrease in intensity of the
AChR aggregates that were observed after
knockdown of Erbin (Fig. 8i). Note that
neuT expression even fully restored the den-
sity of AChR aggregates. Excitingly, AChR
aggregates formed after cotransfection of
neuT and MuSKneuTMuSK are of even
higher density (Fig. 8i).Figure 7. Erbin interacts concomitantly with MuSK and ErbB2. a, Scheme of full-length mouse Erbin and deletion mutants

thereof. The C-terminal part of Erbin is encoded by exons 21–26. Below this scheme, mouse or human Erbin mutants lacking
different single exons are depicted. Other human Erbin mutants consist only of the MuSK binding domain or the PDZ domain.
b, Expression of these different mouse and human Erbin variants, as presented in a, was ascertained by Western blot. c, Precipitation of the
human Erbin MuSK binding domain (hErbin-MuSK-bd) using transiently transfected HEK293 cells coprecipitated full-length MuSK
as shown by Western blot. d, Extracts from transiently transfected HEK293 cells expressing different Erbin variants were used for
coimmunoprecipitation studies. After precipitation of Erbin variants, precipitates were analyzed for the presence of full-length
MuSK by Western blot. Note that precipitation of any human Erbin mutant that does not contain the MuSK binding domain is
unable to coprecipitate MuSK. e, GST fusions of human Erbin-N�-1007, Erbin-PDZ, or Erbin-�PDZ, immobilized on glutathione
beads, were incubated with HEK293 cell extracts containing full-length ErbB2 and MuSK and bound proteins were analyzed by
Western blot. Note that GST-hErbin-PDZ pulled down ErbB2 but not MuSK, while GST-hErbin-�PDZ pulled down MuSK but not
ErbB2. Further, the specificity of this binding was demonstrated by competition with either human Erbin-PDZ or Erbin-MuSK-bd,
which inhibited the pull down of either ErbB2 or MuSK, respectively. f, To investigate whether overexpression of Erbin variants

4

affects AChR gene expression, C2C12 cells were transfected
three independent times by a hErbin-v2, hErbin-�MuSK-bd,
hErbin-MuSK-bd, or hErbin-PDZ together with an AChR�-
luciferase reporter. Moreover, the same transfections were
done together with an additional plasmid encoding constitu-
tively active ErbB2 (neuT). Luciferase activities were measured
from myoblasts (MB) or from myotubes (MT). Note that the
hErbin-MuSK-bd inhibited the reporter in myotubes that were
cotransfected with neuT, but not in myoblasts.
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Erbin associates ErbB2 with MuSK and
TGF-� signaling at the NMJ
Smad proteins are intracellular signaling
mediators of TGF-� (ten Dijke and Heldin,
2006). Recently, it was reported that Erbin
inhibits TGF-� signaling through a novel
Smad-interacting domain (Dai et al.,
2007). We asked whether C2C12 mus-
cle cells express TGF-� receptors and
Smad and whether this happens in a
nerve-derived agrin-dependent manner.
We extracted total RNA from C2C12
myoblasts or myotubes. Using quantita-
tive RT-PCR, we detected TGF-�RI and
TGF-�RII receptors and Smad3 in C2C12
cells (Fig. 9a). Both TGF-� receptors and
Smad3 were transcribed at higher amount
in myotubes compared with myoblasts
(Fig. 9a). To further assess the role of
Erbin and MuSK in TGF-� signaling, we
transiently transfected C2C12 cells with
an expression plasmid encoding Smad3.
As reported, Smad3 inhibited myotube
formation from C2C12 myoblasts (Fig.
9b) (Liu et al., 2001). Cotransfection of
the C2C12 cells with hErbin-v2, MuSK,
MuSKneuTMuSK, neuT, or different
combinations of these plasmids released
this inhibition and cells differentiated and

Figure 8. Knockdown of Erbin reduces the density of AChR aggregates. a, Primary skeletal myoblasts were transfected with
shRNA (Erbin-specific or scrambled) cloned in pSuperGFPneo, differentiated to myotubes, and incubated with nerve-derived agrin.
On the left, typical confocal images (compressed Z-stack) are shown. On the right, high-resolution grayscale images of AChR
aggregates localized on transfected or nontransfected myotubes are shown. Note that the AChR aggregates formed in GFP-positive
myotubes are less dense. Scale bar, 25 �m. b, c, Graphs represent comparisons of surface areas and lengths of AChR clusters as
counted on primary skeletal myotubes after transient transfection with either scrambled or Erbin-specific shRNA (n � 65). d, e,
Fluorescence intensities of AChR aggregates on primary skeletal myotubes are plotted against cluster length or surface area. Note

4

that most of the AChR aggregates are of significantly lower
density if muscle cells were transfected with Erbin-specific
shRNA compared to scrambled shRNA. f, Graph summarizes
data presented by d and e showing the mean fluorescence
density of all analyzed AChR aggregates. Further, primary
muscle cells were transfected as in a but not incubated with
nerve-derived agrin for the analysis of the mean fluorescence
intensities of AChR microclusters (n � 32). Note that even
AChR microclusters are significantly less dense if Erbin
is knocked down. Student’s t test, *p � 2 � 10 �11,
**p value �2.4 � 10 �4. g, Primary skeletal myoblasts were
transiently transfected, differentiated to myotubes, and har-
vested for preparation of cell extracts. Luciferase activities
were measured a minimum of three independent times with
an AChR�-luciferase reporter and different expression plas-
mids. NeuT-mediated enhancement of AChR� transcription
was inhibited if concomitantly Erbin was knocked down. h, To
find out whether AChR cluster stability decreased in the ab-
sence of Erbin, nerve-derived agrin was depleted from cell me-
dia at the indicated times, and remaining AChR aggregates
were counted at 0 (pSuper, scramble, Erbin-specific, n 	 76/
67/70) or after 4 (n 	 80/67/82) and 8 (n 	 71/72/79) hours
of agrin withdrawal and presented as percentage of remaining
clusters. i, Graph summarizes the ratio of mean fluorescence
densities of AChR aggregates on C2C12 cells, which were
transfected as indicated. After transfection of the cells with
MuSKneuTMuSK, incubation of the cells with nerve-derived
agrin became no longer necessary because MuSKneuTMuSK
induces formation of AChR aggregates even in the absence of
agrin. Note that AChR aggregates formed after knockdown
of Erbin in the presence of MuSKneuTMuSK and neuT to-
gether are even more dense than aggregates formed in the
presence of Erbin. Student’s t test, *p � 1.2 � 10 �7,
**p � 8.1 � 10 �9, ***p � 1.2 � 10 �8.
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formed myotubes (Fig. 9b). On the one
hand, this finding is in agreement with
previous data showing that increased
Erbin expression in HEK293 cells physi-
cally sequesters Smad2/Smad3 by its Smad-
interacting domain from their association
with Smad4 and, thus, negatively modu-
lates TGF-�-dependent transcriptional
responses and inhibition of cell growth
(Dai et al., 2007). On the other hand, even
MuSK, MuSKneuTMuSK, or neuT are
able to release the Smad3-mediated
inhibition of myotube formation (Fig.
9b). To verify the physiological conse-
quence of a MuSK–Erbin–Smad interac-
tion, the influence of Erbin alone or
together with MuSK on Smad2/Smad3-
mediated transcriptional activation of
TGF-� target genes was examined using the
SBE4-Luc reporter, which contains four
copies of a Smad binding site in front of the
luciferase gene (Zawel et al., 1998). Tran-
sient transfection of C2C12 cells with
Smad3 but not hErbin-v2 or MuSK led to a
significant increase of luciferase activity
(Fig. 9c). If either hErbin-v2, MuSK, or both
were cotransfected with Smad3, less lucif-
erase activity was detectable (Fig. 9c). These
data imply that MuSK, Erbin, or both par-
tially inhibit Smad3-mediated transactiva-
tion of respective target genes.

LAP family members Lano and Scribble
but not Densin-180 are expressed at
the NMJ
To find out whether other LAP family
members are expressed in muscle cells, we
performed RT-PCR experiments with
C2C12 myoblasts and myotubes, which
were incubated with either muscle- or
nerve-derived agrin. We detected RT-
PCR-amplified fragments from total
RNA for Scribble, Lano, but not Densin-180 proving that Lano
and Scribble were expressed in muscle cells (Fig. 10a). Next, by
quantifying transcript levels in C2C12 cells it turned out that the
transcript amount of Erbin and Lano were quite similar. Com-
pared with Erbin or Lano, Scribble is expressed sixfold higher
(Figs. 2c, 10b). We investigated whether Lano and Scribble also
interact with MuSK by performing coimmunoprecipitation exper-
iments (Fig. 10c). We detected a low amount of coprecipitated
MuSK when we precipitated fusion proteins of GFP with Lano or
Scribble in lysates from transiently transfected HEK293 cells (Fig.
10c). Next, we designed and examined shRNA to knockdown ei-
ther Lano or Scribble. Both shRNAs turned out to knockdown
GFP-Lano or GFP-Scribble very efficiently as ascertained by
Western blot or fluorescence microscopy (supplemental Fig. 2c,d,
available at www.jneurosci.org as supplemental material). To find
out whether in the absence of Lano or Scribble aggregation of
AChRs is affected, we transiently transfected Lano- or Scribble-
specific shRNAs into primary skeletal myotubes or C2C12 cells
(data with C2C12 cells are presented as supplemental Fig. 4, avail-
able at www.jneurosci.org as supplemental material). After myo-
tube formation, nerve-derived agrin was added to the myotubes

and then they were stained with rhodamine-labeled bungaro-
toxin to visualize agrin-dependent AChR aggregates. Moreover,
we also examined whether the formation of AChR microclusters in
the absence of agrin was disturbed. We characterized many AChR
aggregates (n � 50 for primary skeletal muscle cells, n � 60 for
C2C12 cells) or microclusters (n � 30) obtained from several
independent transfections. Contrary to the data acquired with
Erbin shRNA, AChR aggregations were affected in surface area if
Lano or Scribble were knocked down (Fig. 10d– k). The aggre-
gates were slightly smaller regarding surface area when Lano was
knocked down (Fig. 10e), and bigger in surface area and length
when Scribble was knocked down (Fig. 10i). On the other hand,
the measured fluorescence intensities were unchanged for the
agrin-dependent AChR aggregates (Fig. 10l). Furthermore, fluo-
rescence intensities of AChR microclusters were significantly
lower if Scribble, but not Lano, was knocked down (Fig. 10m).

Discussion
Our data demonstrate for the first time an interaction between
Erbin and MuSK at the NMJ. Since MuSK bears a PDZ-binding
domain at its C terminus, it was attractive to assume its interac-
tion with the PDZ domain of Erbin, thereby linking together

Figure 9. MuSK impinges on the modulation of TGF-� signaling by Erbin. a, Expression profiles of TGF-� receptors I and II and
Smad3 in C2C12 cells were examined by quantitative RT-PCRs and the results depicted as graphs. b, C2C12 cells were transiently
transfected with pnls-GFP (Hashemolhosseini et al., 2000) and Smad3 alone, or together with human Erbin-v2, MuSK, MuSKneuT-
MuSK, or neuT. GFP-positive myoblasts and myotubes were counted, and their ratio was presented as a graph. Note that Smad3
inhibits C2C12 cell differentiation. Erbin, MuSK, MuSKneuTMuSK, or neuT release the Smad3-mediated inhibition of C2C12 differ-
entiation. c, Competition between Erbin binding either Smad3 or MuSK was studied by transfecting Smad3, human Erbin-v2, and
MuSK, together with a Smad3-responsible reporter (SBE4-luc) into C2C12 cells. Note that Smad3 strongly transactivates SBE4-Luc,
while transfection of Erbin or MuSK together with Smad3 resulted in less SBE4-Luc-derived luciferase activity.
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ErbB2 and MuSK (Jean-Paul Borg, per-
sonal communication). Previous ap-
proaches failed to detect such an
interaction because it is not the PDZ do-
main of Erbin that interacts with MuSK
(Figs. 5–7). Erbin binds MuSK by a yet
unidentified domain (Fig. 7) that is posi-
tioned between SH3 epitopes and the PDZ
domain (Borg et al., 2000). Erbin appears
to be one of the long-awaited links be-
tween MuSK and AChR expression and
clustering at the NMJ, thereby cumulating
evidence for a cross talk between agrin
and neuregulin signaling. Previously,
only extracellular, not intracellular, syn-
ergistic effects of neuregulin and agrin on
muscle acetylcholine receptor expression
were observed (Li et al., 2004).

Further, the MuSK binding domain of
Erbin is part of a domain involved in
Smad3 binding (SID) (Dai et al., 2007).
This is surprising, as the overlapping
binding domains of TGF-� and MuSK
implicate that their signaling also cross
talks at the NMJ.

Different TGF-� members and their
receptors have been found at the verte-
brate NMJ, but not much is known about
their role (McLennan and Koishi, 1994;
Jiang et al., 2000). Previously, TGF-�
members were postulated to control the
onset of secondary myotube formation by
preventing the fusion of late myoblasts
(Sánchez and Robbins, 1994). All three
known members of TGF-� were indepen-
dently knocked out in mice, but turned
out not to be involved in the onset of myo-
tube formation (TGF-�1), or the skeletal
muscles of the knock-out mice were not
studied in detail (Kaartinen et al., 1995;
Proetzel et al., 1995; Sanford et al., 1997;
McLennan et al., 2000). All of this is in
contrast to what is known from the devel-
opment of invertebrate NMJs, where
TGF-� signaling plays an essential role
(Packard et al., 2003). It has been postu-
lated that alternative TGF-�-like factors
might also be involved in vertebrate NMJ
formation (Packard et al., 2003). Here, ex-
pression of TGF-� receptors and Smad3
was identified in myoblasts and upregu-
lated in myotubes (Fig. 9a). Further, the
MuSK binding domain of Erbin is en-

Figure 10. Role of LAP protein family members Lano and Scribble on AChR aggregation. a, RT-PCR data from C2C12 myoblasts
and myotubes incubated with agrin or brain. Note that Scribble and Lano, but not Densin-180, are expressed in C2C12 cells.
b, Expression profiling by quantitative RT-PCR demonstrated more Scribble and Lano expression in myotubes than in myoblasts. MB,
Myoblast; MT, myotubes. c, Western blot of coimmunoprecipitation studies. Note that precipitation of Lano or Scribble resulted in
coprecipitation of MuSK. Band intensities reflect a weak interaction between MuSK and Lano or Scribble. d, e, Scribble-specific
shRNA was transiently transfected into primary skeletal muscle cells. After differentiation to myotubes, the cells were treated with
nerve-derived agrin. Length and surface area of AChR aggregates were plotted against their numbers. Note that a higher number
of AChR aggregates with decreased surface areas were detected if Lano was knocked down. f, g, The fluorescence intensities of
AChR aggregates analyzed (d, e) were presented as graphs. h– k, Same data shown for nerve-derived AChR aggregates on primary
skeletal myotubes transfected with Scribble-specific shRNA (d– g) is presented for primary skeletal muscle cells transfected with

4

Lano-specific shRNA. l, Graph summarizes the mean fluo-
rescence intensity of AChR aggregates shown in f, g, j, and
k. m, Primary skeletal muscle cells were transiently trans-
fected with Lano- or Scribble-specific shRNAs, differenti-
ated to myotubes, and identified by their GFP expression.
Mean fluorescence intensities of nerve-independent AChR
microclusters were determined and depicted as graph.
Student’s t test, *p � 1.6 � 10 �5, **p � 1.6 � 10 �12.
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coded by part of exon 21, while the SID of Erbin is located on
exons 21 and 23. It seemed unlikely that the Smad binding do-
main is encoded by the exons 21 and 23 but not 22, because
during evolution functional epitopes of proteins are in many
cases known to be encoded and transmitted on single exons
(Doolittle, 1995). Consequently, it might be speculated whether
the SID of Erbin (1) spans from exon 21 to 23, (2) overlaps more
precisely with the MuSK binding domain, or (3) is encoded only
by exon 23. Here, different isoforms of Erbin were detected at the
NMJ all containing the MuSK-binding domain, but not all con-
taining the SID (Fig. 6d). Presumably, these variants would inter-
act with MuSK, but not with Smad3.

Here, we show that Erbin has three downstream effects in
muscle cells: it (1) enhances density of AChR aggregates, (2) in-
hibits neuregulin-mediated enhancement of AChR� transcrip-
tion, and (3) interferes with Smad-mediated TGF-� effects. But
which of these three effects depends on the ErbB2-Erbin-MuSK
link? By using knockdown approaches, we showed that the cor-
rect density of AChR aggregates depends on the MuSK–Erbin–
ErbB2 link (Fig. 8). By measuring the degree of recovery of the
density of AChR aggregates using constitutively active mutants of
MuSK and ErbB2 on muscle cells ablated for endogenous Erbin
expression, a higher density of AChR aggregates was observed
than in cells with Erbin expression (Fig. 8i). This finding also
argues for a role of Erbin in regulating the correct density of
AChR aggregates at the NMJ. In agreement with such a hypoth-
esis, an Erbin mutants composed of the MuSK binding domain is
inhibiting the neuT-mediated stimulation of the reporter (Fig.
7f). The ability of Smad to mediate TGF-� effects seems to de-
pend on the MuSK–Erbin–ErbB2 crosslink in a different way, as
coexpression of Erbin together with constitutively active mutants
of MuSK or ErbB2 result in a block of Smad effects (Fig. 9b).

Our data mark the beginning in understanding the biological
role of LAP proteins at the NMJ. By knocking down Erbin, the
density of AChR aggregates and aneural microclusters on skeletal
myotubes significantly decreased, but their physical dimensions
remained unchanged (Fig. 8a– g, supplemental Fig. 3, available at
www.jneurosci.org as supplemental material). These findings
raise two questions: (1) how might Erbin regulate AChR density,
and (2) what do these findings imply on the cross talk between the
agrin and neuregulin signaling at the NMJ? It was recently re-
ported that mice with inactivation of either ErbB2/ErbB4 in mus-
cles or neuregulin in skeletal muscle, motor neurons, or both, still
form functional synapses in skeletal muscles (Escher et al.,
2005; Jaworski and Burden, 2006). Synapses in these mice
appeared morphologically normal, but some minor changes
were observed. In the absence of motor neuron- and muscle-
derived neuregulin, the total number of AChRs at the synapse
was slightly reduced (Jaworski and Burden, 2006). Further, in
the absence of muscle-specific ErbB2/ErbB4, the endplate
bands of diaphragm showed a weak reduction of AChR mRNA
expression by 20 –30% (Escher et al., 2005). Although these
changes did not affect muscle strength in mice, it is conceiv-
able that Erbin has a role in ErbB2-mediated AChR expression
at the NMJ.

Erbin might also be involved in capturing or anchoring
AChRs at the NMJ, or ensuring their absence. Although the latter
appears unlikely, because Erbin is primarily located at the NMJ
(Fig. 3), it was reported that neuregulin reduced the number of
spontaneous or agrin-induced clusters and increased the disas-
sembly of AChR clusters (Trinidad and Cohen, 2004). Erbin
might be able to modulate neuregulin-mediated ErbB activity
and thereby participate in the disassembly of AChR clusters. In

contradiction to an Erbin-mediated AChR disassembly, a faster
disappearance of AChR aggregates in the absence of agrin was not
detected after Erbin knockdown in C2C12 cells (Fig. 8h). This
does not rule out that Erbin influences AChR disassembly in
microclusters.

It is attractive to speculate that Erbin is participating in
anchoring all the required proteins at the NMJ in lipid rafts.
Possibly, lipid rafts regulate AChR clustering by facilitating
agrin–MuSK signaling and thereby promote the interaction be-
tween AChRs and rapsyn (Zhu et al., 2006). Erbin might be in-
volved in this regulation by colocalizing MuSK, ErbB2, and
AChRs at lipid rafts for signaling at the NMJ. Erbin and ErbB
receptors might also be part of the proposed oligomeric complex
consisting of at least MuSK and Lrp4 (Kim et al., 2008). More-
over, Erbin ensures accumulation of AChR in microclusters (Fig.
8f, supplemental Fig. 3, available at www.jneurosci.org as supple-
mental material). This implies that Erbin might start participat-
ing in aggregation of AChRs, even before arrival of factors from
the nerve.

Other LAP family members, next to Erbin, are Densin-180
(Apperson et al., 1996), Lano (Saito et al., 2001), and Scribble
(Murdoch et al., 2003). Densin-180 is associated with postsynap-
tic densities in rat brain and might be involved in localization of
synaptic proteins (Huang et al., 2001). Scribble is a junctional
protein involved in establishment and maintenance of epithelial
cell polarity (Navarro et al., 2005). Here, Lano and Scribble but
not Densin-180 were detected at the NMJ (Fig. 10a). All three
LAP proteins are expressed at significantly higher level in myo-
tubes compared to myoblasts (Figs. 2c, 10b). In situ hybridization
demonstrates that Erbin transcription only occurs at the synaptic
area. Knockdown experiments with Lano and Scribble did not
affect the density of agrin-induced AChR aggregates, but their
physical dimensions are changed in muscle cells (Fig. 10d,e,h,i,
supplemental Fig. 4, available at www.jneurosci.org as supple-
mental material). Knockdown of Lano decreased, while knock-
down of Scribble increased, the size of AChR aggregates but not
their density (Fig. 10e,i). In the absence of agrin, AChR micro-
clusters were of significantly lower density when Lano or Scribble
was knocked down (Fig. 10m; supplemental Fig. 4, available at
www.jneurosci.org as supplemental material). Additional exper-
iments are necessary to understand why the absence of Erbin
affects the density of agrin-induced AChR aggregates, while the
absence of Lano or Scribble changed their physical dimensions.
While NMJs are formed, AChR clusters are initially assembled
into microclusters, followed by condensation and formation of
large clusters. The initial aggregation of AChRs is mediated by
agrin–MuSK signaling (DeChiara et al., 1996). Then, after bind-
ing of agrin to the MuSK receptor complex, rac and PAK1 are
activated (Weston et al., 2000; Luo et al., 2002). LAP proteins, like
Erbin might already influence initial steps of AChR aggregation.
Accordingly, we observed a lowered density of AChR micro-
clusters independent of whether Erbin, Lano, or Scribble was
knocked down (Figs. 8f, 10m, supplemental Figs. 3, 4, available at
www.jneurosci.org as supplemental material). Recently, it was
shown that Erbin together with Merlin cooperatively regulates
cell-type-specific activation of PAK2 by TGF-� (Wilkes et al.,
2009). It would be interesting to investigate whether Erbin is also
involved in regulation of PAK1. Our data support the view that
balanced physiological amounts of LAP family members might
play a crucial role in fine-tuning physical dimension and density
of AChR aggregates at the NMJ.
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