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The maintenance of a high density of neurotransmitter receptors at the postsynaptic apparatus is critical for efficient neurotransmission.
Acetylcholine receptors (AChRs) are neurotransmitter receptors densely packed on the postsynaptic muscle membrane at the neuro-
muscular junction (NMJ) via anchoring onto the actin cytoskeletal network. However, how the receptor-associated actin is coordinately
regulated is not fully understood. We report here that Coronin 6, a newly identified member of the coronin family, is highly enriched at
adult NMJs and regulates AChR clustering through modulating the interaction between receptors and the actin cytoskeletal network.
Experiments with cultured myotubes reveal that Coronin 6 is important for both agrin- and laminin-induced AChR clustering. Further-
more, Coronin 6 forms a complex with AChRs and actin in a manner dependent on its C-terminal region and a conserved Arg 29 residue
at the N terminus, both of which are critical for the cytoskeletal anchorage of AChRs. Importantly, in vivo knockdown of Coronin 6 in
mouse skeletal muscle fibers leads to destabilization of AChR clusters. Together, these findings demonstrate that Coronin 6 is a critical
regulator of AChR clustering at the postsynaptic region of the NMJs through modulating the receptor-anchored actin cytoskeleton.
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Introduction
The neuromuscular junction (NMJ), which is formed between
the motor nerve terminal and skeletal muscle membrane, is re-
sponsible for neuromuscular transmission and muscle activity
(Sanes and Lichtman, 1999, 2001; Wu et al., 2010). To ensure
efficient synaptic transmission, acetylcholine receptors (AChRs),
the neurotransmitter receptors at the NMJ, need to be confined
to the postsynaptic muscle membrane.

At mature NMJs, the AChR clusters exhibit a pretzel-like mul-
tibranched morphology that is dependent on the highly coordi-
nated regulation of the formation, maintenance, and dispersal of
the AChR clusters. Notably, AChR cluster stability is tightly con-
trolled by their anchorage to the postsynaptic actin cytoskeleton
(Dai et al., 2000; Dobbins et al., 2006). Agrin, a nerve-derived

heparin sulfate proteoglycan, and laminin, a muscle-derived ex-
tracellular matrix protein, are two critical extracellular signals
that control the formation and stabilization of the AChR clus-
ters. Agrin and laminin transduce signaling pathways via a
plethora of adaptor and actin-regulating proteins, such as
rapsyn, dystrophin-associated protein complex, and Rho fam-
ily GTPases, strengthening the actin cytoskeletal linkage of the
AChR clusters (Wu et al., 2010; Shi et al., 2012). Meanwhile,
Cdk5, ephexin1, and cofilin play important roles in receptor
disassembly and turnover by destabilizing the actin cytoskel-
eton or increasing actin dynamics (Sadasivam et al., 2005; Lee
et al., 2009; Shi et al., 2010). These lines of evidence suggest
that the reconstruction of the cytoskeletal anchorage of the
receptors is a key process during the development of NMJs.
Therefore, understanding the coordinated regulation of the
receptor-associated cytoskeletal network is a prerequisite for
elucidating the molecular basis of AChR clustering and NMJ
development.

Coronins are a family of conserved actin-binding proteins
originally identified in the actin-rich structure of the amoeba
Dictyostelium discoideum (de Hostos et al., 1991). To date, seven
coronins have been identified in mammals; most exhibit tissue-
specific distribution patterns. In vitro studies demonstrate that
coronins are involved in diverse biological processes dependent
on actin cytoskeletal reorganization, including cell morphogen-
esis, cell migration, and endocytosis (Uetrecht and Bear, 2006;
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Figure 1. Identification of Coronin 6 as a muscle-specific coronin family member. A, Schematic diagram of Coronin 6 domains showing the N-terminal extension (NE), seven-bladed �-propeller
domain comprising 5 canonical WD40 repeats (WD), conserved C-terminal extension (CE), unique region (U), and coiled-coil domain (CC). B, Protein sequence alignment of rat Coronin 6 (rCoro6)
with rat Coronin 1A (rCoro1A) generated by Clustal Omega. Solid black boxes represent the five predicted WD40 repeats, and dashed boxes represent two “hidden” repeats. C, Percentages of amino
acid identities of Coronin 6 among different species. D, Percentages of amino acid identities between rCoro6 and other rat coronin proteins. E, Phylogenetic tree of mammalian coronin family
generated by Clustal Omega. F, The tissue expression pattern of mammalian coronins in adult rats was revealed by northern blotting.
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Chan et al., 2011). Coronin 1A, the best-characterized coronin, is
essentially expressed in thymocytes, T cells, macrophages, and
neutrophils and plays important roles in pathogen survival in
phagocytes and homeostatic T-cell signaling (Föger et al., 2006;
Mueller et al., 2008; Pieters et al., 2013). Nonetheless, the physi-
ological functions of other coronins remain poorly understood.

We previously reported that Coronin 6, a novel coronin
protein family member, is differentially regulated in muscle
after denervation (Tang et al., 2000). In the present study, we
show that Coronin 6 is prominently expressed in adult muscle
and enriched at the NMJ. Studies with cultured myotubes
reveal that Coronin 6 regulates both agrin- and laminin-
induced AChR clustering and is important for anchoring
AChRs onto the actin cytoskeleton. We also show that both the
C-terminal region and a conserved Arg 29 residue at the N
terminus of Coronin 6 are essential for its actin-binding activ-
ity and stabilization of AChR– cytoskeleton linkage. Together,
these findings demonstrate that Coronin 6 is a critical regula-
tor of AChR clustering through modulating the receptor-
associated actin cytoskeleton.

Materials and Methods
Reagents. Anti-phosphotyrosine (4G10) antibody was purchased from
Millipore, and anti-FLAG and anti-actin antibodies were from Sigma-
Aldrich. The anti-AChR� antibody was as described previously (Shi et
al., 2010). AlexaFluor-555- or biotin-conjugated �-bungarotoxin (�-
BTX), and natural mouse laminin were from Invitrogen. Recombinant
rat C-terminal agrin was from R&D Systems. Small interfering RNA
(siRNA) against mouse Coronin 6 (5�-CAAGCAACGGAGTGTTA
CTACCATT-3�) and a control siRNA against luciferase (5�-CGTA
CGCGGAATACTTCGA-3�) were synthesized by Invitrogen. The
shRNA target sequence for mouse Coronin 6 was 5�-CGGAGTGTTA
CTACCATTC-3�.

Animals. All animals including rats and mice were bred in the Animal
and Plant Care Facility of the Hong Kong University of Science and
Technology and handled in accordance with the Animals (Control of
Experiments) Ordinance of Hong Kong.

Northern blot analysis. Different tissues from adult male Sprague
Dawley rats were collected and frozen using liquid nitrogen. Total
RNA was extracted and subsequently analyzed by northern blotting
as described previously (Ip et al., 1995). The cDNA fragments of
different coronins were labeled using the Megaprime labeling kit

Figure 2. High concentrations of Coronin 6 at the NMJ. A, B, Specificity of Coronin 6 polyclonal antibody. Rabbit Coronin 6 polyclonal antibody recognized both the overexpressed Coronin 6 (Coro6)
and endogenous Coronin 6 in adult rat muscle (Muscle) (A, left). This recognition was blocked by preincubation with the peptide antigen (A, right). Western blot analysis of COS-7 cells with ectopic
expression of His-tagged Coro1C and Coro6 using the Coronin 6 polyclonal antibody (B). C, Coronin 6 protein expression in rat muscle during development was determined by Western blotting. D,
Western blot analyses of Coronin 6 (20 �g per lane) were performed using rat gastrocnemius muscle after sciatic nerve crushing. Actin served as a loading control. E, C2C12 myoblasts in growth
media (GM) or myotubes in differentiation media for the indicated times (h) were lysed and subjected to Western blotting to examine Coronin 6 protein expression. F, Coronin 6 was concentrated
at the motor endplates during development (postnatal stages, from P1 to P21). Rat skeletal muscle sections were costained with antibody against Coronin 6 and AlexaFluor-555-conjugated �-BTX
to visualize AChRs. Scale bar, 10 �m. Arrowheads indicate Coronin 6 staining colocalized with AChRs; arrows indicate Coronin 6 not colocalized with AChRs. G, Coronin 6 was localized at the
postsynaptic muscle membrane of gastrocnemius muscle after nerve denervation. Scale bar, 10 �m. H, The immunoreactivity of Coronin 6 antibody was abolished by preabsorption with its peptide
antigen. Scale bar, 10 �m.
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(GE Healthcare). The results of the northern
blot analysis were confirmed in at least 3
experiments.

Cloning of Coronin 6 cDNA and its mutants.
The full-length cDNA of Coronin 6 was ob-
tained by rapid amplification of 5� and 3�
cDNA ends according to the manufacturer’s
instructions (RACE Kit, Invitrogen). Different
cDNA expression constructs, including C-terminal
GST-tagged rat Coronin 6, C-terminal FLAG-
tagged mouse Coronin 6 (WT), Coronin 6
mutant with deletion of coiled-coil domain
(�CC), and Coronin 6 mutant with deletion of
both the unique region and coiled-coil domain
(�UCC) were subcloned using PCR amplifica-
tion. Coronin 6 mutants in which Arg 29 was
substituted with Ala or Asp (R29A/D) were
constructed by PCR-based site-directed mu-
tagenesis as described previously (Aiyar et al.,
1996).

Generation of Coronin 6 antibody. A specific
Coronin 6 polyclonal antibody was raised
against a 25-amino acid synthetic peptide cor-
responding to a variable region from L 411 to
T 435 (LDVRPPASPRRSQSASEAPLSQQHT)
in rabbits (Research Genetics). The antibodies
in the serum were then affinity purified using a
SulfoLink affinity column (Pierce) according
to the manufacturer’s instructions. The speci-
ficity of the antibody was confirmed by West-
ern blot analysis using antibody preabsorbed
with the synthetic peptide. The cross-reactivity
of Coronin 6 antibody was further confirmed
by its inability to detect Coronin 1C, a highly
homologous coronin protein.

Denervation and Western blot analysis. Six-
week-old male Sprague Dawley rats were anes-
thetized with isoflurane, and their sciatic
nerves were crushed using forceps prechilled in
liquid nitrogen (Ip et al., 1996). Total protein
extracted from denervated muscles and limb
muscles of rats at different developmental
stages was analyzed by Western blotting as de-
scribed previously (Fu et al., 1999). Minced rat
muscle was homogenized in lysis buffer (20
mM Tris, pH 7.6, 150 mM NaCl, 1 mM EDTA, 1
mM EGTA, and 5 mM NaF) with protease in-
hibitors (1 mM PMSF, 5 mM benzamidine, 10
�g/ml leupeptin, 10 �g/ml aprotinin, 10 �g/ml
trypsin inhibitor, 2 �g/ml antipain, and 1 mM

NaVO3) using Polytron. The homogenate was
supplemented with equal volume of lysis buffer
containing 2% NP-40 and incubated at 4°C for
30 min. The lysate was centrifuged at 12,000 �
g at 4°C for 15 min. The supernatant was col-
lected, and 20 �g total proteins were subjected
to Western blot analysis. Protein samples were
fractionated by SDS-PAGE and electrotrans-
ferred to nitrocellulose membranes. Immunoblotting was performed
with Coronin 6 antibody or actin antibody. Horseradish peroxidase-
conjugated secondary antibody was used to detect reactive bands using
the Pico detection kit (Pierce).

Immunohistochemical analyses. Adult rat muscle sections (10 �m)
were fixed with 2% paraformaldehyde/5% sucrose in PBS at room tem-
perature for 15 min. Sections were then washed and permeabilized with
0.4% Triton X-100. Double staining was performed by incubating the
sections with AlexaFluor-555-conjugated �-BTX (Invitrogen) and Co-
ronin 6 antibody overnight at 4°C followed by FITC-conjugated goat
anti-rabbit antibody in PBS/10% FBS for 1 h at 37°C. The sections were

then washed and mounted for confocal microscopic analysis (BX51,
Olympus).

Cell culture and transfection. C2C12 myoblasts were maintained in
Dulbecco’s modified Eagle medium (DMEM) supplemented with 20%
FBS and differentiated by switching the medium to 2% horse serum. For
the siRNA knockdown experiment, myotubes on day 2 were transfected
with 10 nmol siRNA against mouse Coronin 6 or luciferase gene (as a
control) using Lipofectamine 2000 (Invitrogen). The transfected myo-
tubes were stimulated with 10 ng/ml agrin to induce AChR clustering. To
express the deletion mutants of Coronin 6 on mature myotubes, the
mRNAs of these mutants were first generated by in vitro transcription

Figure 3. Regulation of AChR clustering in myotubes by Coronin 6. A, C2C12 myotubes were transfected with siRNA against
Coronin 6 (siCoro6) or luciferase as a control (siCont). Cell lysates were subjected to immunoblotting with antibodies against
Coronin 6 or �-tubulin. B–D, Coronin 6 regulates agrin-induced AChR clustering. C2C12 myotubes were transfected with siCoro6
or siCont followed by stimulation with agrin for 12 h to induce AChR clustering. For AChR dispersal, AChR clusters on agrin-treated
myotubes were labeled with �-BTX. Myotubes were subsequently washed and maintained in agrin-free medium for an additional
1, 4, or 12 h. Representative images (B), and quantification of the size (C) and number (D) of AChR clusters on myotubes from each
condition. The mean � SEM of at least 3 experiments is indicated. *p � 0.05, siCoro6 versus siCont (Student’s t test). **p � 0.01,
siCoro6 versus siCont (Student’s t test). Scale bar, 50 �m. E, The percentage of AChR clusters was calculated by normalizing the
number of AChR clusters at different time points after agrin withdrawal to that at baseline. *p � 0.05, percentage of AChR clusters
at the first hour of agrin withdrawal versus that at baseline in Coronin 6-silenced myotubes. n.s., Not significant. F, C2C12
myoblasts were cultured on laminin-coated plates and fused for 2 d, and the myotubes were subsequently transfected with siCoro6
or siCont. AChR clusters were visualized by AlexaFluor-555-conjugated �-BTX. Three types of AChR clusters are shown: plaque,
perforated, and branched clusters. G, The numbers of each type of AChR cluster were counted from at least three individual
experiments (branched clusters: siCont, 23.4 � 3.4; siCoro6, 13.6 � 1.6). p � 0.033, siCoro6 versus siCont (Student’s t test).
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using the mMESSAGE mMACHINE T7 Ultra Kit (Invitrogen); these
mRNAs were subsequently transfected into myotubes using Lipo-
fectamine 2000.

AChR clustering assay. C2C12 myotubes were treated with agrin (10
ng/ml) for 12 h to induce AChR clustering, which was then visualized by
AlexaFluor-555-conjugated �-BTX. To examine the dispersal of AChR
clusters, myotubes were first treated with agrin for 12 h and AChRs were
labeled with �-BTX. The myotubes were subsequently washed twice and
maintained in fresh agrin-free medium for another 12–14 h. To quantify
AChR clusters, AChR clusters from �10 random fields per dish were
imaged by fluorescence microscopy (n � 3 dishes from 3 independent
experiments; 40� magnification; Leica). AChR clusters were quantified
using MetaMorph IMAGE ANALYSIS software. Only AChR clusters
with length �5 �m were counted.

To induce pretzel-like clusters, C2C12 myoblasts were cultured and
differentiated on laminin-coated dishes as described previously (Kum-
mer et al., 2004). Briefly, before cell seeding, the dishes were coated with
5 �g/ml polyornithine (Sigma-Aldrich) in distilled water for 30 min, air
dried, and incubated with 10 �g/ml laminin in Dulbecco’s PBS (D-PBS)

overnight at 37°C. The dishes were washed
with D-PBS 3 times before plating the cells.
Myoblasts were grown to 90% confluence and
switched to DMEM containing 2% horse se-
rum to induce fusion.

AChR precipitation and extractability assay.
C2C12 myotubes were harvested in lysis buffer
(50 mM Tris-HCl, pH 8.0, 50 mM NaCl, 5 mM

EDTA, 5 mM EGTA, 5 mM NaF, and 0.5% Tri-
ton X-100 with protease inhibitors [1 mM

PMSF, 5 mM benzamidine, 10 �g/ml leupeptin,
10 �g/ml aprotinin, 10 �g/ml trypsin inhibi-
tor, 2 �g/ml antipain, and 1 mM Na3VO4]).
The lysate was collected, and AChRs were
precipitated using biotin-conjugated �-BTX
followed by Western blot analysis for p-Tyr-
AChR�, AChR�, AChR�, actin, and Coronin
6. The AChR extractability assay was per-
formed as described previously (Sadasivam et
al., 2005).

Actin cosedimentation assay. For actin cosedi-
mentation, skeletal muscle actin (Sigma-Aldrich)
was resuspended in actin polymerization buffer
(10 mM Tris-HCl, pH 8.0, 100 mM KCl, 0.5 mM

dithiothreitol, 0.2 mM ATP, 1 mM MgCl2, and 0.2
mM CaCl2). GST–Coronin 6 fusion protein or
GST was incubated with actin (1 mg/ml) in the
presence of actin polymerization buffer for 1 h at
25°C and subsequently ultracentrifuged at
100,000 � g for 30 min at 4°C. Supernatants and
pellets were resolved by SDS-PAGE and visual-
ized using Western blot analysis.

Electroporation and whole-mount analysis.
The tibialis anterior muscles of 4-week-old
C57BL/6J male mice were injected with 30 �l
plasmids containing 5 �g GFP and 30 �g
pSUPER or shCoro6 using a 29-gauge nee-
dle. Immediately after injection, electropo-
ration with 8 electric pulses (90 V, 20 ms, 980
ms apart) was applied via a pair of electrodes
covering the injection sites. Three weeks af-
ter electroporation, the animals were anes-
thetized and electroporated muscles were
dissected, fixed with 4% paraformaldehyde
for 30 min, and immunostained with
AlexaFluor-555-conjugated �-BTX over-
night at 4°C. Fluorescent images were taken
using a Zeiss LSM710 confocal microscope.

Statistical analysis. All quantitative data were
analyzed by GraphPad Prism 5. Statistically
significant differences between 2 groups were

determined by Student’s t test. Differences between multiple groups were
analyzed by one-way ANOVA. The level of significance was set at p �
0.05.

Results
Identification of Coronin 6 as a muscle-specific coronin
family member
As part of our efforts to identify important regulators during
NMJ development, we previously reported the identification
of a set of candidate genes that are differentially regulated in
rat skeletal muscle upon denervation (Tang et al., 2000). One
of these genes remarkably upregulated by denervation shares
high homology with the coronin family. The full-length cod-
ing sequence of this gene was submitted to the NCBI GenBank
as a coronin relative protein (accession number: AF140359)
and subsequently designated Coronin 6 (Coro6, NM_139115).
Rat Coro6 cDNA contains a 1419-nucleotide open reading

Figure 4. Association of Coronin 6 with AChR–actin complex upon agrin stimulation. A, Tyrosine phosphorylation level of
AChR� subunit in Coronin 6-knockdown myotubes. Coronin 6-knockdown myotubes were treated overnight with agrin, and cells
were washed and incubated with agrin-free medium for 4 h. AChRs were precipitated with biotin-labeled �-BTX (Tox-P) and
subsequently subjected to Western blot analysis using anti-4G10 antibody (p-Tyr-AChR�). AChR� was used as a loading control.
B, Quantification of the fold change of p-Tyr-AChR� levels (normalized to AChR�) from three individual experiments. *p � 0.05,
siCoro6 versus siCont (Student’s t test). **p � 0.01, siCoro6 versus siCont (Student’s t test). C, AChR extractability assay shows the
linkage of AChR to the cytoskeleton after Coronin 6 knockdown. Myotubes were subjected to sequential extraction using different
concentrations of Triton X-100. AChRs in the two fractions were precipitated by Tox-P, followed by Western blot analysis for the
AChR� subunit. D, Percentages of AChR �-subunit extracted from the 1% Triton X-100 fraction. Quantification was performed in
three individual experiments. *p � 0.05, siCoro6 versus siCont (Student’s t test). E, Actin cosedimentation assay. Coronin 6 and
F-actin coprecipitated prominently in the pellet fraction but not the supernatants. F, Coimmunoprecipitation demonstrates Coro-
nin 6 interacts with actin in C2C12 myotubes. G, Agrin treatment stimulated the recruitment of Coronin 6 to AChR clusters together
with actin. Myotubes were treated with agrin for the indicated time periods. AChRs were precipitated by Tox-P followed by Coronin
6 (Coro6), actin, and AChR� immunoblotting.
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frame that encodes a 472-amino acid
protein. Similar to other members of the
coronin family, Coronin 6 is a seven-
bladed �-propeller protein that con-
tains five WD40 repeats, two hidden
atypical repeats, a conserved C-terminal
extension, a variable unique region, and
a coiled-coil domain at the end of the
cytoplasmic tail (Fig. 1 A, B).

Mammalian coronins are divided
into three classes on the basis of se-
quence homology: Type I (Coronin 1A,
1B, 1C), Type II (Coronin 2A and 2B),
and Type III (Coronin 7) (de Hostos,
1999; Uetrecht and Bear, 2006; Chan et
al., 2011). Amino acid sequence align-
ment showed that Coronin 6 exhibits a
high degree of sequence conservation
across various species (Fig. 1C) and is
more homologous to Type I coronins
(67– 69% identity) than Type II or III
coronins (32– 42% identity) (Fig. 1D).
Phylogenetic analysis further confirmed
Coronin 6 as the fourth member of Type
I coronins (Fig. 1E). Interestingly, although
different coronins exhibit distinct tissue
distribution patterns, Coronin 6 is the
only coronin member that was promi-
nently expressed in skeletal muscle and
heart (Fig. 1F).

Coronin 6 protein is highly
concentrated at the NMJ
To study the biological function of Co-
ronin 6, a polyclonal antibody against
its unique region was generated. The
specificity of the antibody was demon-
strated by the lack of cross-reactivity
with Coronin 1C, a closely related Type
I coronin (Fig. 2 A, B). Similar to the
change in its transcript level (Tang et al.,
2000), the protein expression of Coro-
nin 6 was upregulated in skeletal muscle
during development and after denerva-
tion (Fig. 2C,D). Furthermore, Coronin
6 was only prominently detected when
C2C12 myoblasts differentiated into
myotubes, similar to the temporal ex-
pression profile of myosin heavy chain
(Fig. 2E).

Given that Coronin 6 is regulated by
muscle differentiation and neural activity,
we subsequently investigated its localiza-
tion at the NMJ. Immunohistochemical
analysis revealed that Coronin 6 protein
began to colocalize with AChR clusters at P7 and was confined to
the NMJ at P20 (Fig. 2F). Importantly, Coronin 6 protein re-
mained colocalized with AChRs after denervation, indicating
that the localization of Coronin 6 at the postsynaptic sites was not
affected by the loss or gain of neural/nerve activity (Fig. 2G). The
immunoreactivity of Coronin 6 antibody was confirmed to be
specific because the signal was blocked by its peptide antigen
(Fig. 2H).

Coronin 6 regulates AChR clustering
Because Coronin 6 is prominently expressed in skeletal muscle
and concentrated at the postsynaptic sites of NMJs, we examined
whether it regulates the process of AChR clustering. An siRNA
(siCoro6) was designed to specifically knock down Coronin 6
expression in myotubes (Fig. 3A). Whereas agrin treatment in-
duced robust AChR clustering in myotubes transfected with a
control siRNA (an siRNA against the luciferase gene, siCont),

Figure 5. Requirement of the actin-binding activity of Coronin 6 for its association with AChR clusters. A, Schematic
diagram of Coronin 6 and its mutants. B, Interactions between Coronin 6 and its deletion and point mutants with actin in
HEK293T cells. FLAG-tagged Coronin 6 and its mutants were overexpressed in HEK293T cells, and the protein was coim-
munoprecipitated with anti-FLAG antibody. C-terminal FLAG-tagged Coronin 6 (WT; full-length [FL]), �CC mutant, �UCC
mutant, or R29A/D mutant. C, D, The deletion of the coiled-coil domain or R29A/D mutants disrupted the association
between Coronin 6 and AChRs. Myotubes were transfected with the mRNA of the Coronin 6 and its mutants. Cell lysates
were subjected to biotin-conjugated �-BTX (Tox-P) for the precipitation of AChRs followed by Western blotting for FLAG.
E, F, The cytoskeletal linkage of AChRs was reduced in myotubes overexpressing F-actin-binding-deficient Coronin 6
mutants. Myotubes were transfected with WT or mutant Coronin 6 mRNA and subsequently treated with agrin to induce
AChR clusters. AChRs were then sequentially extracted by low and high concentrations of detergent as described in
Materials and Methods. F, Percentages of AChR� subunit extracted from the 1% Triton X-100 fraction. Quantification was
performed in three individual experiments. *p � 0.05 R29D versus Control or WT (Student’s t test). G–I, Overexpression of
the Coronin 6 �UCC mutant significantly attenuated agrin-induced AChR clustering. Representative images (G), and
quantification of the size (H ) and number (I ) of AChR clusters on myotubes from each condition. The mean � SEM of at
least 3 experiments is indicated. *p � 0.05, �UCC versus Control (Student’s t test). Scale bar, 50 �m.
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Coronin 6 knockdown significantly reduced the number but not
the size of agrin-induced AChR clusters (Fig. 3B–D). Further-
more, the relatively unchanged expressions of AChR subunits
and myosin heavy chain proteins (data not shown) indicate that
the observed defect in AChR clustering was not the result of the
reduced expression of the receptor subunits or impaired muscle
differentiation upon Coronin 6 knockdown.

Agrin is a master organizer for postsynaptic stabilization, and
its removal results in the disassembly of AChR clusters. To verify
whether Coronin 6 affects the maintenance of AChR clusters, we
examined the disassembly of preexisting AChR clusters in Coro-
nin 6-knockdown myotubes after agrin removal. The numbers of
preexisting AChR clusters at 1, 4, and 12 h after agrin removal
decreased remarkably in Coronin 6-knockdown myotubes com-
pared with those in the corresponding control myotubes (Fig.
3B,D). Moreover, the disassembly rate during the first hour of
agrin withdrawal was significantly higher in the Coronin
6-knockdown myotubes (Fig. 3E), suggesting that Coronin 6 also
participates in the maintenance of AChR clusters.

In addition to agrin, laminins are important extracellular pro-
teins that direct the maturation and maintenance of AChR clus-
ters. In cultured myotubes, soluble laminins induced simple
plaque-like AChR clusters resembling those induced by agrin,
whereas substrate laminins initiated the formation of topologi-

cally complex AChR clusters (i.e., perfo-
rated and branched clusters; Fig. 3F,G);
these branched clusters resemble the
pretzel-like AChR clusters in vivo (Kum-
mer et al., 2004). Notably, Coronin 6
knockdown led to a significant reduction
in the number of substrate laminin-
induced AChR clusters with complex
morphologies (i.e., branched clusters)
and a slight reduction in the number of
perforated clusters; meanwhile, the in-
duction of plaque-like clusters did not ap-
pear to be affected (Fig. 3F,G). These
findings suggest that Coronin 6 is essential
for the formation of topologically com-
plex AChR clusters induced by substrate
laminins.

Coronin 6 regulates the AChR
anchorage to the actin cytoskeleton
It is well established that pronounced mo-
lecular rearrangements, including rein-
forcement of the cytoskeletal anchorage of
AChR clusters, occur at the subsynaptic
regions during the formation and/or
maintenance of NMJs (Moransard et al.,
2003). Given that Coronin 6 is important
for the formation and maintenance of
AChR clusters, we examined whether Co-
ronin 6 regulates the association of AChR
clusters with the actin cytoskeleton. The
tyrosine phosphorylation of the AChR�
subunit is a signaling event associated
with the actin cytoskeletal anchorage of
the receptors (Borges and Ferns, 2001).
Whereas agrin induced similar tyrosine
phosphorylation of AChR� (p-Tyr-AChR�)
in both control and Coronin 6-knockdown
myotubes, agrin withdrawal in Coronin

6-knockdown myotubes resulted in a significant reduction of
p-Tyr-AChR� (Fig. 4A,B). Furthermore, we directly analyzed
the strength of the interaction between AChRs and the actin cy-
toskeleton by sequential detergent extraction (0.05% followed by
1% Triton X-100). Consistent with the decreased p-Tyr-AChR�,
fewer AChRs were retained in 1% Triton X-100 extracts from
Coronin 6-knockdown myotubes upon agrin withdrawal (Fig.
4C,D). These findings suggest that Coronin 6 plays an important
role in the association between AChRs and the actin cytoskeleton
during the maintenance of receptor clusters.

Given that coronins are conserved F-actin-binding protein
family members and Coronin 6 regulates the actin cytoskeletal
anchorage of AChRs, it is tempting to speculate that Coronin 6
associates with and regulates the receptor-linked actin cytoskele-
ton. Indeed, the results demonstrate that Coronin 6 binds to
F-actin in vitro and in C2C12 myotubes, although this interaction
is independent of agrin treatment (Fig. 4E,F). Whereas Coronin
6 was detected at low levels in AChR-associated complexes, agrin
remarkably induced the recruitment of Coronin 6 to AChRs (Fig.
4G). Interestingly, actin was present in the AChR-associated
complex concurrent with Coronin 6 recruitment (Fig. 4G). These
findings suggest that agrin induces the formation of an AChR-
Coronin 6-actin complex.

Figure 6. Coronin 6 knockdown perturbed AChR clustering in vivo. A, HEK-293T cells were cotransfected with Coronin 6 and
pSUPER (	) or shCoro6 (
). Cell lysates were subjected to immunoblotting with antibodies against Coronin 6 or actin. B, The
tibialis anterior muscles of adult mice were injected with 5 �g GFP and 30 �g pSUPER or shCoro6 followed by electroporation.
Three weeks later, the muscles were stained with AlexaFluor-555-conjugated �-BTX to visualize AChR clusters. GFP signals
indicate the transfected skeletal muscle fibers. Arrows indicate the normal pretzel-like structures of the NMJ. Impaired NMJ
structures, such as fragmented (arrowhead) and circular patch-like structures (*), were observed in Coronin 6-knockdown fibers. C,
Percentages of NMJs exhibiting pretzel-like, fragmented, and circular patch-like shapes (n�31 from 4 mice injected with pSUPER;
n � 36 from 4 mice injected with shCoro6). D, Quantification of the size of AChR clusters. **p � 0.01, shCoro6 versus pSUPER
(Student’s t test). E, Clustering of nuclei at the subsynaptic regions was unaltered in Coronin 6-silenced muscle. Nuclei and AChR
clusters were visualized by DAPI (blue) and AlexaFluor-555-conjugated �-BTX staining (red), respectively. The subsynaptic regions
are highlighted in rectangles. Scale bars, 20 �m.

Chen et al. • Coronin 6 Regulates AChR Clustering J. Neurosci., February 12, 2014 • 34(7):2413–2421 • 2419



Coronin 6 regulates AChR clustering via its
actin-binding activity
Although different coronin members have distinct actin-binding
sites, both the intact N-terminal �-propeller domain and C ter-
minus appear to be required for the full actin-binding activity of
coronins (Uetrecht and Bear, 2006). To identify which domain(s)
of Coronin 6 is responsible for its interactions with actin and
AChR clusters, we generated two C-terminal truncation mutants
of Coronin 6: one with the coiled-coil domain deleted (�CC) and
the other with both the unique region and coiled-coil domain
deleted (�UCC; Fig. 5A). Moreover, as a conserved Arg residue at
the N terminus of Type I coronins (i.e., Arg 29 in Coronin 6) is
reported to be critical for high-affinity F-actin binding (Cai et al.,
2007a), we constructed Coronin 6 mutants in which Arg 29 was
substituted with Ala or Asp (R29A/D).

Both the �CC and �UCC mutants failed to bind with actin,
suggesting that the coiled-coil domain is essential for Coronin
6 –actin interaction. In addition, the R29A and R29D mutants
exhibited substantially reduced Coronin 6 –actin interaction
(Fig. 5B). Importantly, the deletion of the coiled-coil domain or
mutation of the Arg 29 residue led to the complete disruption of
the association between Coronin 6 and AChR clusters (Fig.
5C,D). This suggests that the actin-binding activity of Coronin 6
is essential for its association with AChR clusters.

To determine whether the actin-binding activity of Coronin 6
is important for the cytoskeletal linkage of AChR clusters, wild-
type or mutants of Coronin 6 were overexpressed in myotubes.
Interestingly, C2C12 myotubes expressing the R29D mutant or
�CC truncation mutant exhibited reduced AChR cytoskeletal
linkage, which was evidenced by decreased levels of AChRs re-
tained in the more stringent detergent extraction (Fig. 5E,F).
Although deletion of the coiled-coil domain of Coronin appar-
ently did not affect the clustering of AChR induced by agrin,
expression of the �UCC mutant of Coronin 6 (i.e., deletion of the
unique region and coiled-coil domain) significantly reduced the
agrin-induced AChR clustering (Fig. 5G–I). Together, these re-
sults indicate that the actin-binding activity of Coronin 6 is im-
portant for its association with AChR clusters and stabilization of
the actin linkage of the receptors.

Coronin 6 is important for the stabilization of AChR clusters
in vivo
To elucidate the physiological functions of Coronin 6 in the reg-
ulation of AChR clustering at the NMJ, Coronin 6 expression in
the tibialis anterior muscle fibers of 4-week-old mice was silenced
by Coronin 6 shRNA (shCoro6). The knockdown efficiency of
shCoro6 was confirmed in HEK293T cells coexpressing Coronin
6 with or without shCoro6 (Fig. 6A). Three weeks after electro-
poration, the untransfected and control vector (pSUPER)-
transfected muscle fibers exhibited typical pretzel-like AChR
clusters with a complex array of branches (Fig. 6B). In contrast,
fibers expressing shCoro6 exhibited severe fragmentation of
AChR clusters, some of which even appeared as multiple disinte-
grated circular patches (Fig. 6B,C). Moreover, the average size of
the NMJs was significantly smaller in Coronin 6-silenced muscle
(Fig. 6D). Other features of NMJs, such as the clustering of sub-
synaptic nuclei, remained grossly normal in the Coronin
6-knockdown muscle (Fig. 6E). These results indicate that Coro-
nin 6 is important for maintaining the proper structure of synap-
tic AChR clusters in vivo.

Discussion
The aggregation of AChR clusters at the postsynaptic membrane
is a key event in NMJ development. Although these postsynaptic
neurotransmitter receptors are thought to aggregate through an-
choring to the actin cytoskeleton, the underlying regulatory
mechanisms of this anchorage remain unclear. In the present
study, we demonstrate that Coronin 6, a novel actin-binding pro-
tein enriched at the postsynaptic NMJ, regulates AChR clustering
and stabilization by strengthening the AChR– cytoskeleton link-
age. Thus, our results provide new insights into the molecular
mechanisms involved in the regulation of AChR clustering dur-
ing NMJ development.

The depolymerization of actin filaments interferes with AChR
clustering, indicating that AChR clustering requires actin polym-
erization (Dai et al., 2000; Cartaud et al., 2011). A number of actin
regulators, including actin-related protein-2/3 (Arp2/3) and
Wiskott-Aldrich syndrome protein, are thought to be rapidly re-
cruited to the AChR clusters upon agrin stimulation (Cartaud et
al., 2011). Nonetheless, how these factors are recruited and sub-
sequently lead to actin cytoskeletal rearrangement are largely un-
known. In the present study, we show that either Coronin 6
suppression or disruption of the actin-binding activity of Coro-
nin 6 resulted in the destabilization of AChR–actin linkage. This
finding demonstrates a functional role of Coronin 6, which acts
as a scaffolding protein in the formation of the AChR–actin com-
plex. Given that coronins are actin-regulating protein family
members, it is possible that the recruitment of Coronin 6 further
acts on the remodeling of the AChR-anchored actin cytoskeleton.
Type I coronins are capable of regulating actin dynamics through
several mechanisms that involve Arp2/3, cofilin, and Rho GT-
Pases (Humphries et al., 2002; Cai et al., 2005; Cai et al., 2007b;
Castro-Castro et al., 2011). Consistent with this notion, we found
that Coronin 6 interacts with the Arp2/3 complex in cultured
myotubes (data not shown). However, whether Coronin 6 con-
trols the receptor-associated actin dynamics via the modulation
of Arp2/3 complex activity remains to be determined.

As Coronin 6 is a novel coronin protein, whether its domains
play similar roles as those of other coronins remains unclear.
Concordant with the existing evidence that the �-propeller do-
main is a direct actin-binding interface of Type I coronins
(Appleton et al., 2006), disrupting the intramolecular charge of
the �-propeller domain of Coronin 6 by the mutation of Arg 29

abrogates actin binding. Another common function of the
�-propeller domain is that it provides versatile sites for protein–
protein interactions (Stirnimann et al., 2010). Thus, the
�-propeller domain of Coronin 6 may also act as a platform for
multiple protein interactions, such as interactions with rapsyn
and dystrophin-associated complex to strengthen the AChR–
actin anchorage. Therefore, further investigation is required to
determine whether such a scaffolding role of the �-propeller do-
main is involved in AChR clustering and stabilization. Further-
more, our results show that the coiled-coil domain located at the
C terminus of Coronin 6 is also important for its binding to actin.
Consistent with the roles of the coiled-coil domains of other co-
ronins, that of Coronin 6 is also important for the oligomeriza-
tion of the protein (data not shown) (Humphries et al., 2002;
Spoerl et al., 2002; Gatfield et al., 2005). In this case, the oligomer-
ized Coronin 6 may play two important roles in AChR stabiliza-
tion. First, the oligomerization reinforces the ability of Coronin 6
to regulate actin bundles and/or the actin network. Second, the
oligomerization facilitates the scaffolding ability of Coronin 6 by
providing more protein–protein interaction sites for recruiting

2420 • J. Neurosci., February 12, 2014 • 34(7):2413–2421 Chen et al. • Coronin 6 Regulates AChR Clustering



critical regulators for AChR–actin anchorage. However, further
analysis is required to identify the precise role of Coronin 6 oli-
gomerization in AChR clustering.

The present study provides the first functional evidence of
Coronin 6 in a mammalian system, revealing that it is a muscle-
enriched protein that regulates AChR clustering. Although dif-
ferent coronins exhibit distinct tissue-specific expression
patterns, Coronin 6 is the only coronin prominently expressed in
muscle. Interestingly, similar to other coronins, including Coro-
nin 1A, 1C, and 2B, which are highly expressed in the brain,
Coronin 6 expression is also observed within specific regions in
the cortex and hippocampus (data not shown). Because of the
high degree of conservation among the coronin family proteins,
the present results may provide new insights for studying the
roles of coronins in the regulation of neurotransmitter receptors
at central synapses.
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