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Background: The dystrophin complex stabilizes the cell membrane by linking the cytoskeletal network to the extracellular
matrix.
Results: �-Catulin interacts directly with dystrobrevin, a component of the dystrophin complex, in muscle.
Conclusion: The interaction of �-catulin with dystrobrevin contributes to the integrity of the dystrophin complex in muscle.
Significance: A molecular interaction potentially important for muscle pathogenesis is identified.

Thedystrophin complex is amultimolecularmembrane-asso-
ciated protein complex whose defects underlie many forms of
muscular dystrophy. The dystrophin complex is postulated to
function as a structural element that stabilizes the cell mem-
brane by linking the contractile apparatus to the extracellular
matrix.Abetter understandingof how this complex is organized
and localized will improve our knowledge of the pathogenic
mechanisms of diseases that involve the dystrophin complex. In
a Caenorhabditis elegans genetic study, we demonstrate that
CTN-1/�-catulin, a cytoskeletal protein, physically interacts
with DYB-1/�-dystrobrevin (a component of the dystrophin
complex) and that this interaction is critical for the localization
of the dystrophin complex near dense bodies, structures analo-
gous tomammalian costameres.We further show that inmouse
�-catulin is localized at the sarcolemma and neuromuscular
junctions and interacts with�-dystrobrevin and that the level of
�-catulin is reduced in �-dystrobrevin-deficient mousemuscle.
Intriguingly, in the skeletal muscle ofmdxmice lacking dystro-
phin, we discover that the expression of �-catulin is increased,
suggesting a compensatory role of �-catulin in dystrophic mus-
cle. Together, our study demonstrates that the interaction
between �-catulin and �-dystrobrevin is evolutionarily con-
served in C. elegans and mammalian muscles and strongly sug-
gests that this interaction contributes to the integrity of the dys-
trophin complex.

Since the identification of dystrophin as the cause of Duch-
enne muscular dystrophy, a number of transmembrane pro-
teins and peripheral membrane proteins have been found to
interact with dystrophin to form a macromolecular protein
complex, collectively called the dystrophin-associated protein
complex (DAPC)3 (1–3). Defects in components of the DAPC
are associated with a variety of pathological conditions, includ-
ing muscular dystrophy, cardiomyopathy, myoclonic dystonia,
and vasospasm. Interestingly, specific components of the
DAPC differ in various tissues or cell types, and different forms
of the DAPC co-exist within the same cell (1). Regardless of
such differences in specific components, the DAPC interacts
with the extracellular matrix and cytoskeletal elements. This
interaction provides structural stability to the cells by forming a
link between the cytoskeleton and the extracellular matrix and
allows the DAPC to serve as a scaffolding complex for signaling
molecules, such as ion channels.
In skeletal muscle, the DAPC is enriched at costameres,

although it is present throughout the sarcolemma (4).
Costameres are subsarcolemmal protein assemblies that align
with the Z lines of myofibrils and physically couple force-gen-
erating sarcomeres with the sarcolemma (5). Costameres are
considered to be a muscle-specific form of focal adhesions
because most of the cytoskeletal components are shared. The
DAPC is thought to anchor the sarcolemma to costameres and
stabilize the sarcolemma against physical forces transduced
through costameres during muscle contraction or stretching
(6). Consistent with this idea, defects of the DAPC in humans
and mice lead to a disorganized costameric lattice and disrup-
tion of sarcolemmal integrity (7, 8). Certain cortical cytoskeletal
proteins that interact with the DAPC show increased expres-
sion levels in the absence of dystrophin (9). Such increased
expression of the cytoskeletal proteins has been postulated to
be a compensatory response to fortify theweakened costameric
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lattice. Therefore, gaining knowledge on how these cytoskeletal
proteins interact with the DAPC and other proteins at specific
domains of the plasma membrane is critical for improving our
understanding of muscular dystrophy pathogenesis.
The genome of the nematode Caenorhabditis elegans

encodes most of the DAPC components (10). Similar to the
mammalian DAPC, theC. elegans dystrophin homolog, DYS-1,
forms a multimeric protein complex with other homologs of
DAPC components at the muscle membrane. For instance, a
physical interaction between DYS-1 and DYB-1 (an �/�-dys-
trobrevin homolog) was demonstrated, and STN-1, an �/�-
syntrophin homolog, was also shown to bind DYB-1 (11). In
addition, a mutation in dys-1 disrupts normal localization of
SGCA-1, an �-sarcoglycan homolog (12). Importantly, defects
in genes encoding components of the DAPC cause a unique
locomotory phenotype, known as the head-bending phenotype
(13). The phenotype is characterized by an exaggerated bending
of the anterior part of the body when mechanical stimuli are
applied to the posterior part of the body, as opposed to a normal
body curvature in wild-type animals (12). Recent electrophysi-
ological evidence shows that the head-bending phenotype is
likely to be associated with a defect in action potential during
periods of elevated synaptic activity (14). In C. elegans, the
DAPC localizes near dense bodies, structures that are analo-
gous to costameres (12). Both dense bodies and costameres are
muscle-specific forms of integrin-mediated attachments
between the extracellular matrix and the actin cytoskeleton
(15). Although the structural role of the DAPC inC. elegans has
not been explored, there is convincing evidence that the DAPC
plays a role in localizing signaling molecules (10). For example,
the DAPC localizes SLO-1, the calcium-activated potassium
BK channel, at dense bodies (12). A compromise in the integrity
of the DAPC causes a disruption of normal SLO-1 localization
in muscle. A defect in action potential in DAPC mutants was
indeed attributed, at least in part, to a defect in SLO-1 localiza-
tion (14).
In a C. elegans forward genetic study that identifies mutants

exhibiting abnormal localization of SLO-1 in muscle, we previ-
ously reported that mutations in �-catulin/ctn-1, encoding a
putative cytoskeletal protein, cause a disruption of DAPC local-
ization near dense bodies (16). Consistent with the idea that
SLO-1 localization is controlled by theDAPC, we observed that
mutations in�-catulin/ctn-1 disrupt SLO-1 localization aswell.
However, the mechanism by which CTN-1 interacts with the
DAPC has not been clearly defined.
In this study we show that CTN-1 interacts with the dystro-

phin complex through DYB-1/dystrobrevin in C. elegans. We
further demonstrate that CTN-1 and DYB-1 are dependent on
each other for their localization near dense bodies. Disruption
of the interaction between CTN-1 and DYB-1, or the lack of
either of these proteins, compromises the localization of the
dystrophin complex near dense bodies in C. elegans. We also
found that the interaction between �-catulin and �-dystro-
brevin is conserved in mouse skeletal muscle. Intriguingly, we
uncovered that inmdxmice, amousemodel of Duchennemus-
cular dystrophy, the sarcolemmal expression level of �-catulin
is considerably increased, indicating a compensatory role of
�-catulin in the damaged sarcolemma.

EXPERIMENTAL PROCEDURES

C. elegans Strains—Strains were maintained on nematode
growth medium agar plates at 20 °C as described previously (17).
The followingC. elegans strains were used for this study: N2, dyb-
1(cx36),dys-1(eg33), ctn-1(eg1167), cimIs12[GFP::sgca-1, rol-6(d)],
cimIs9 [GFP::ctn-1, Pttx-3mRFP], and cimIs11 [GFP::dyb-1,
Pttx-3mRFP].
Antibodies—Generation of monoclonal antibodies against

�-catulin has been described previously (18). Monoclonal anti-
bodies 3C4 and 5G8, recognizing two different epitopes in
�-catulin, were used in all of the experiments with the excep-
tion of Fig. 5E and supplemental Fig. S2 (rabbit pAb; Epitom-
ics). The following additional commercial antibodies were
used: anti-�-catenin (rabbit pAb; Sigma), anti-�-catenin
(mouse mAb; BD Transduction Laboratories), anti-vinculin
(rabbit pAb; Sigma), anti-�-dystrobrevin (goat and rabbit;
Santa Cruz Biotechnology), �-bungarotoxin-Alexa Fluor 488
(Invitrogen), anti-GFP antibody (clone N86/8; UC Davis/NIH
NeuroMab facility), anti-dystrophin (MANDRA1 clone 7A10;
Developmental Hybridoma Bank) antibody, and anti-�-tubulin
antibody (AA4.3; Developmental Hybridoma Bank).
Animal Use—Mice are taken care of and used in accordance

of the procedures approved by the Institutional Animal Care
and Use Committee of the Rosalind Franklin University, Ghent
University, and Harvard University.
Immunoprecipitation and Identification of Proteins by Liquid

Chromatography–Tandem Mass Spectrometry—Monoclonal
antibodies 3C4 and 5G8 were covalently coupled to M-280
tosylactivated Dynabeads� (Dynal Biotech) according to the
manufacturer’s protocol. For co-immunoprecipitation of �-ca-
tulin and associated proteins, lysates of HEK293T cells were
prepared in PBS containing 0.5% Nonidet P-40 and a protease
inhibitormixture (RocheDiagnostics). Lysates (4mg of protein
each) were incubated overnight with washed and preequili-
brated antibody-coupled beads. The beads were washed five
times in 5-fold diluted lysis buffer followed by boiling for 5
min in Laemmli buffer. Samples were subjected to SDS-
PAGE followed by silver staining (Silver Stain Plus kit; Bio-
Rad). After excision of the bands and in-gel digestion with
trypsin, the samples were subjected to LC-MS/MS, as
described previously (19). Interactions of �-catulin with
�-dystrobrevin and other proteins in HEK293T cells were
further validated by standard co-immunoprecipitation and
Western blot analyses (see below).
DNA Constructs and Transgenic Worms—To generate a

CTN-1 expression vector construct that allows us to determine
the localization of CTN-1, we inserted a GFP sequence at the
translation initiation site of ctn-1 cDNA, and then the ctn-1
promoter sequence (�4 kb) was inserted before the GFP
sequence. Deletion constructs of CTN-1 were generated in a
similar manner, where cDNAs of CTN-1�1–279 and CTN-
1�551–784 were fused in-frame to a GFP sequence under the
control of the ctn-1 promoter. CTN-1�382–416 lacking the
coiled-coil domain was constructed using overlapping exten-
sion PCR using full-length CTN-1 cDNA fusedwithGFP under
the control of the ctn-1 promoter as the template. To generate
the Pdyb-1GFP::dyb-1 construct, the 3-kb dyb-1 promoter
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sequence was inserted upstream of the GFP coding sequence,
and the open reading frame of dyb-1 cDNA was inserted in-
frame at the C terminus of GFP. The GFP-tagged SGCA-1 con-
struct was described previously. The entire sgca-1 coding
sequence and �2 kb upstream of the translation initiation
codon was first cloned, and a GFP sequence was inserted in-
frame right after the signal sequence of SGCA-1.
Transgenic strains carrying extrachromosomal arrays were

made by injecting DNA constructs (2.5 ng/�l) along with a
co-injection marker DNA [pRF4(rol-6(d)) or ttx-3::mRFP, 30
ng/�l] into the gonads of hermaphrodite animals at a totalDNA
concentration of 100 ng/�l. Integration of extrachromosomal
arrays to the genome was performed by the UV/trimethyl pso-
laren method (20).
Yeast Two-hybrid Screen—The yeast two-hybrid screen was

performed using the Matchmaker GAL4-based yeast two-hy-
brid system (Clontech). ctn-1 cDNA encoding the CTN-1 frag-
ment (1–377 amino acids) was used as the bait and was cloned
into the pGBKT7 vector in-frame with the GAL4 DNA binding
domain, followed by transformation into the Y187 yeast strain.
A C. elegans cDNA library was constructed in the pGADT7
vector such that the proteins encoded by the inserts were fused
to the 3� end of the GAL4 activation domain. The library was
then transformed into the Y2H yeast strain. The Y187 strain
expressing the bait was mated with the Y2H strain expressing
the library, and the diploids that showed positive interactions
were selected on quadruple dropout plates (�histidine, �ala-
nine, �leucine, and �tryptophan) containing 40 �g/ml X-�-
Gal. Approximately 8.7 million independent clones were
screened for positive interactions. cDNA inserts from positive
clones were sequenced and identified.
For yeast two-hybrid assays used for identifying interacting

domains of CTN-1 and DYB-1, ctn-1 cDNAs were cloned into
the pGBKT7 vector in-frame with the GAL4 DNA binding
domain, and dyb-1 cDNAs were cloned into the PGADT7 vec-
tor in-frame with the GAL4 activation domain. The ctn-1 con-
structs were transformed into the Y187 yeast strain, and the
dyb-1 constructs were transformed into the Y2H Gold strain.
Mating was performed by inoculating and growing appropriate
yeast colonies in YPDmedium, followed by selection of diploids
that showed positive two-hybrid interaction on quadruple
dropout plates (�histidine, �alanine, �leucine, and �trypto-
phan) containing 40 �g/ml X-�-Gal. Empty vectors served
as negative controls, and constructs were tested for
autoactivation.
Body Curvature Analysis—Body curvature analysis was

described previously (21). A single animal was transferred onto
an unseeded nematode growth medium agar plate, and its
movement was recorded at 20 frames/s. We limited image
acquisition within 15–60 s after transfer because the head-
bending phenotype is prominent when animals are stimulated
to move forward rapidly. A script written on ImgePro Plus
(Media Cybernetics) automatically recognizes the animal in
each image contained in an acquired image stack and assigns
13 points spaced equally from the tip of the nose to the tail
along the midline of the body and produces the pixel coor-
dinates of the 13 points. First supplementary angles were
calculated from the coordinates of the first three points with

MATLAB software. First angle data were obtained when the
head swing of an animal reached the maximal extension to
the dorsoventral side.
Western Blot Analysis and Co-immunoprecipitation—

Worms at the young adult stage were collected and directly
lysed by heating at 95 °C for 10 min in SDS sample loading
buffer. Total protein extracts, after removal of debris by centrif-
ugation, were resolved onto a 7.5% SDS-polyacrylamide gel and
transferred onto PVDF membranes. Western blot analysis was
performed using anti-GFP antibody, anti-�-tubulin antibody,
and HRP-conjugated goat anti-mouse IgG (Millipore). To
quantify the level of specific proteins in Western blot analyses,
the band intensities were normalized with tubulin (worm
extracts) or GAPDH (mousemuscle extracts) levels. TheWest-
ern blots from three independent extracts were quantified
using the ImageJ program. Statistics analyses were performed
using Prism (GraphPad Software).
Muscles (soleus, extensor digitorum longus, gastrocnemius,

and tibialis anterior) from 4-week-old mice (C57BL/10ScSnJ)
were dissected out and frozen. The frozenmuscleswere thawed
and sonicated in IP buffer (50 mM Tris-HCl, pH 7.4, 150 mM

NaCl, 1%Nonidet P-40, 0.25%deoxycholate, 10% glycerol). The
lysate was centrifuged for 10 min at 20,000 � g, and the super-
natant was used for immunoprecipitation. The extracts were
incubated with primary antibodies and protein A/G-agarose
beads (Santa Cruz Biotechnology) at 4 °C overnight. The beads
retaining the immune complexes were washed three times with
IP buffer and heated in SDS sample loading buffer for 5 min.
The supernatants resulting from centrifugation at 20,000 � g
for 5 min were loaded onto 7.5% SDS-polyacrylamide gel and
were subjected to Western blot analysis.
Immunofluorescent Staining of Mouse Muscle Tissue—Gas-

trocnemius or tibialis anterior muscles from 4-week-old
wild-type (C57BL/10ScSnJ) mdx (C57BL/10ScSn-mdx/J) and
�-DB�/� mice (22) were dissected, frozen in liquid nitrogen-
isopentane, and cut into 6- or 9-�m cryostat sections. Sections
were fixed with coldmethanol, permeabilized with 0.5% Triton
X-100 diluted in PBS for 30 min, and blocked with 10% goat
serum diluted in PBS for 30 min. To prevent nonspecific bind-
ing withmouse primary antibodies, we incubated sections with
0.1 mg/ml AffiniPure Fab anti-mouse IgG (H�L) fragment
(Jackson ImmunoResearch) for 1 h. Primary antibodies were
diluted in 10% goat serum in PBS, and the tissues were incu-
bated for 1 h. Secondary goat antibodies coupled to Alexa Fluor
488 were used in 10% goat serum in PBS (1:500 dilution). We
made sure that under our staining conditions no staining was
observed in the omission of primary antibodies or with irrele-
vant primary antibodies. The sections were mounted in anti-
fade ProlongGold (Invitrogen), were imaged under a wide-field
fluorescence microscope (Zeiss AxioObserver Z1) with identi-
cal exposure time and gain settings and were processed
identically.
Confocal Microscopy—Worms were mounted on a 4% agar

pad containing 25 mM NaN3, and fluorescence images were
acquired using a Zeiss LSM510 confocal microscope with 63�
objective (oil immersion, NA 1.4).
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RESULTS

�-Catulin Forms Complex with Dystrobrevin—To gain fur-
ther insight into the molecular function of �-catulin, we
employed two independent approaches to identify proteins
that interact with �-catulin: a proteomics approach (i.e. co-
immunoprecipitation followed by mass spectrometry) and a
yeast two-hybrid screen. In the proteomics approach, we
immunoprecipitated �-catulin from HEK293T cell lysate with
two monoclonal antibodies (3C4 and 5G8) specific for �-catu-
lin and identified proteins that co-precipitated with �-catulin
by mass spectrometry. One of the co-purified proteins was
identified as �-dystrobrevin on the basis of six different pep-
tides (data not shown). Complex formation between �-catulin
and�-dystrobrevin inHEK293T cells was further confirmed by
co-immunoprecipitation and Western blot analysis. When
�-dystrobrevin was immunoprecipitated, the co-precipitated
�-catulin was detected by Western blotting using an anti-�-
catulin antibody, and conversely, when �-catulin was immuno-
precipitated, the co-precipitated �-dystrobrevin was detected
by Western blotting using an anti-�-dystrobrevin antibody
(Fig. 1, A and B). We also examined the specificity of this com-
plex formation by immunoprecipitation experiments in which
we used antibodies against either vinculin or �-catenin, which

are homologs of �-catulin, or against �-catenin, an interaction
partner of these homologs. None of these proteins was co-im-
munoprecipitated with �-dystrobrevin, demonstrating that
�-dystrobrevin exists in a specific complex with �-catulin (Fig.
1C).

As a complementary approach to identify interaction part-
ners of �-catulin, we performed a yeast two-hybrid screen of a
C. elegans cDNA library. CTN-1 has three regions that have
homology to �-catenin/vinculin, previously designated as the
VH1 domain, the coiled-coil domain, and the VH2 domain (16,
23). This domain organization as well as the overall sequence
homology is similar to that of mammalian �-catulin. Because
our rescue experiments show that the VH1 domain is function-
ally the most important among the three domains (see below),
we chose a fragment (1–377 amino acids) that includes theVH1
domain as the bait. In this screen, we isolated a fragment of
DYB-1 (395–590 amino acids) as a CTN-1-interacting partner.
To further confirm which domain of CTN-1 specifically
interacts with DYB-1, we subcloned DYB-1 full-length
cDNA into a yeast two-hybrid assay vector and performed an
assay using full-length CTN-1 and two truncated CTN-1
forms, CTN-11–377 (VH1 domain) and CTN-1355–784
(coiled-coil domain and VH2 domain). We found that the
full-length CTN-1 and CTN-11–377, but not CTN-1355–784, inter-
act with DYB-1, indicating that the N-terminal VH1 domain of
CTN-1 mediates the interaction with DYB-1 (Fig. 2A).

Next, we sought to determine which domain of DYB-1 inter-
acts with CTN-1. DYB-1 is highly conserved from C. elegans to
humans (24). Mutations in dyb-1 cause the head-bending phe-
notype, which is shared by otherC. elegansDAPCmutants (25).
Similar to mammalian �-dystrobrevin, DYB-1 is reported to
interact with DYS-1 and STN-1, an �/�-syntrophin homolog
(11). DYB-1/�-dystrobrevin has the following recognizable
domains: an EF domain containing two EF hand motifs, a zinc-
finger domain (ZZ), a syntrophin binding domain (S), and a
coiled-coil domain containing two �-helices (H1 and H2) (Fig.
2B). Using six different truncated DYB-1 constructs that have a
single domain or a combination of these domains, we per-
formed a yeast two-hybrid assay to determine specific DYB-1
domains or regions that are critical for the interaction with
CTN-11–377. We found that the C-terminal region of DYB-1
that includes the secondH2 helix is required for the interaction
with CTN-11–377 (Fig. 2B). Taken together, these results indi-
cate that the VH1 domain of CTN-1/�-catulin directly inter-
acts with the C-terminal region of DYB-1/�-dystrobrevin.
VH1 Domain of CTN-1 Is Critical for CTN-1 Localization

and Function—Next, we examined the functional contribution
of each of the three domains of CTN-1 in vivo.We generatedC.
elegans transgenic animals in ctn-1(eg1167)-null mutants by
introducing several ctn-1 constructs designed to express GFP-
tagged full-length CTN-1, CTN-1�1–279 lacking the VH1
domain, CTN-1�382–416 lacking the coiled-coil domain, or
CTN-1�551–784 lacking the C-terminal region. In these trans-
genic animals, we investigated the localization pattern of
CTN-1 in muscle. We previously reported that CTN-1 and
SLO-1 appear as puncta near dense bodies (16). Consistentwith
this report, the full-lengthCTN-1 exhibits a punctate pattern at
themusclemembrane (Fig. 3A). As reported previously (12, 16),

FIGURE 1. �-Catulin forms complex with �-dystrobrevin in HEK293T cells.
A, �-catulin co-precipitates with �-dystrobrevin. HEK293T cells were lysed,
and IP was performed on HEK293T lysates using (lanes from left to right):
anti-�-dystrobrevin antibody (�-DB), isotype control antibody or protein
G-Sepharose without antibody added. These immunoprecipitates, as well as
total cell lysate (right lane), were analyzed by Western blotting (WB) using an
antibody against �-catulin (3C4). B, �-dystrobrevin co-precipitates with �-ca-
tulin. HEK293T lysates were immunoprecipitated with anti-�-catulin anti-
body (3C4) or without antibody added. Immunoprecipitates (left) and total
cell lysate (right) were immunoblotted using an antibody against �-dystro-
brevin. C, �-dystrobrevin specifically interacts with �-catulin but not with
other �-catulin homologs. HEK293T lysates were subjected to IP with the
indicated antibodies or with no antibody added (serving as control for non-
specific adherence to the protein G-Sepharose). The immunoprecipitates
were analyzed by Western blotting using the same set of antibodies.
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the major difference between SLO-1 (or CTN-1) and typical
dense bodymarkers, such as vinculin/DEB-1, is that SLO-1 and
CTN-1 puncta are round in shape, whereas dense bodies show
a dash-like pattern. CTN-1�1–279 lacking the VH1 domain is
localized diffusely in the cytosolic compartment (Fig. 3A). A
weak dash-like pattern was also occasionally observed at the
membrane of some muscle cells (data not shown). Because the
dash-like patternwas observed only inmuscle cells that express
high levels of the truncated CTN-1, it appears that this pattern
could be an artifact resulting fromoverexpression.On the other
hand, CTN-1�551–784 lacking the C-terminal region shows a
punctate pattern, which is much more diffused than that of the
full-length CTN-1. This result indicates that although the
C-terminal region is not critical as the N-terminal region, it has
a certain role in exact localization of CTN-1 near dense bodies.
Finally, CTN-1�382–416 lacking the coiled-coil domain shows a
punctate pattern similar to that of the full-length CTN-1, albeit
with some differences in puncta intensity and size. Together,
these results indicate that although the VH2 domain and
coiled-coiled domain may have some roles in CTN-1 localiza-

tion, it is the VH1 domain that is critical for binding to DYB-1
and for the localization of CTN-1 near dense bodies.
To determine whether the localization defects we observed

with these constructs affect the head-bending phenotype, we
performed rescue experiments in ctn-1(lf)mutants with trans-
genes expressing the CTN-1 constructs. Consistent with our
localization data, we found that the CTN-1 full-length con-
struct, but not the VH1 deletion construct, rescues the head-
bending phenotype of ctn-1 mutants (Fig. 3B). Deletion con-
structs lacking either the VH2 or the coiled-coil domain
partially rescue the phenotype, although they do not rescue it to
the level that the full-length construct does. Together, these
results indicate that the VH1 domain of CTN-1 plays a critical
role in muscle function, as seen by its importance in localizing
CTN-1 to the correct regions of the muscle membrane, and in
the rescue of the head-bending phenotype.
Localization of Both CTN-1 and DYB-1 in C. elegans Muscle

Is Interdependent—Previously, we showed that a ctn-1 muta-
tion disrupts the localization of the DAPC; however, we were
not able to identify the molecular link between CTN-1 and the
DAPC (16). We now find that CTN-1 physically interacts with
DYB-1, a component of the DAPC in muscle. This new finding
raises the possibility that the interaction between CTN-1 and
DYB-1 may mediate the proper localization and/or stability of
the entire DAPC complex. Thus, we investigated whether the
localization of DYB-1 is altered at the muscle membrane of
dys-1 and ctn-1 mutant animals. We generated integrated
transgenic lines expressing DYB-1::GFP under the control of
the dyb-1 promoter and chose the line displaying the lowest
expression level of DYB-1 (cimIs11). This transgene rescues the
head-bending phenotype of dyb-1 mutants, indicating that
DYB-1::GFP in transgenic animals reflects DYB-1 localization
in vivo. Consistent with previous reports on the localization
pattern of SGCA-1 and SLO-1 (12, 16), DYB-1::GFP exhibits a
similar punctate pattern at the muscle membrane of wild-type
animals. However, this localization pattern of DYB-1::GFP was
almost completely abolished indys-1or ctn-1mutants (Fig. 4A).
The loss of the puncta in dys-1 or ctn-1mutants could be due to
defects in DYB-1 localization, or due to a reduction in DYB-1
stability. Inmammalian skeletalmuscles, failure of theDAPC to
assemble at the sarcolemma reduces the stability and amount of
DAPC components (26–28). We examined the DYB-1::GFP
protein levels by Western blot analysis. We found that
DYB-1::GFP levels were not significantly reduced either in the
dys-1 mutants or in the ctn-1 mutants compared with that of
wild-type (Fig. 4B). These data indicate that the loss of the
puncta indys-1 and ctn-1mutants is largely due to the defects in
DYB-1 localization.
Next, we examined the localization pattern of CTN-1 at the

musclemembrane. Similarly, we generated an integrated trans-
genic line expressing CTN-1::GFP under the control of the
ctn-1 promoter (cimIs9). This transgene rescues the head-
bending phenotype, indicating that CTN-1 localization in these
transgenic animals reflects its normal in vivo localization. In
wild-type animals CTN-1::GFP shows a punctate pattern as we
reported previously (16). However, in both dys-1 and dyb-1
mutants, the punctate pattern of CTN-1::GFP disappeared (Fig.
4C). We also examined the protein levels byWestern blot anal-

FIGURE 2. Identification of interaction between DYB-1/dystrobrevin and
CTN-1/�-catulin using yeast two-hybrid analysis. A, VH domain 1 (amino
acids 1–377) of CTN-1 interacts with DYB-1, whereas the coiled-coil (C) and
VH2 domains (amino acids 355–784) do not. The full-length and truncated
CTN-1 cDNA sequences were fused with the DNA binding domain of GAL4
transcription factor, whereas the DYB-1 full-length cDNA sequence was fused
with the activation domain. These constructs were transformed into two hap-
loid yeast strains, and the resulting strains were mated with each other. Dip-
loids showing a positive interaction were selected on quadruple dropout
plates (�histidine, �alanine, �leucine, �tryptophan) containing X-�-Gal. �
indicates the diploid yeast colonies that grow on selective plates and display
blue color, whereas � indicates the diploid yeast that cannot grow on selec-
tive plates. B, various constructs of DYB-1 were tested for a positive interac-
tion with the VH1 domain of CTN-1. The C-terminal region of DYB-1 was found
to interact with CTN-1. EF, EF hand; ZZ, ZZ-type zinc finger domain; S, syntro-
phin binding domain; H1 and H2, coiled-coil motifs.
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ysis and found that the level of CTN-1::GFP protein was not
significantly changed in either the dys-1 mutant or the dyb-1
mutant (Fig. 4D). This also indicates that loss of CTN-1::GFP
puncta in dys-1 and dyb-1 mutants is largely due to defects in
CTN-1 localization. Taken together, our data show that the
proper localizations of both DYB-1 and CTN-1 at the muscle
membrane are dependent on the presence of both of these
proteins.
In mouse skeletal muscle, �-dystrobrevin can be localized at

the sarcolemma in the absence of a direct link to dystrophin
(29). Furthermore, in �-dystrobrevin-deficient mice, other
DAPC components, including dystrophin and components of
the sarcoglycan complex, are still localized at the sarcolemma
(22). In contrast, in dystrophin-deficientmdxmuscle, all of the
DAPC components are destabilized and disappear from the
sarcolemma (26). These observations raise the possibility that
�-dystrobrevin is not critical for the assembly of the DAPC but

is involved in the localization of the DAPC at specific domains
within the sarcolemma, whereas dystrophin is a key molecule
that assembles the DAPC. According to this hypothesis, in
dyb-1 and ctn-1 mutants, the DAPC would be dispersed
throughout the muscle membrane, but would not be clustered
to a region close to dense bodies. If this is the case, we expect to
observe a significant reduction in the protein levels of core
DAPC components in dys-1mutants, but not in ctn-1mutants.
To test this possibility, we compared the protein levels of
SGCA-1, a core component of theDAPC, indys-1mutantswith
that of ctn-1 mutants (Fig. 4E). Indeed, we found that the
SGCA-1 level was significantly reduced in dys-1 mutants but
was not significantly affected in ctn-1 mutants. These results
strongly suggest that CTN-1 and DYB-1 do not affect the for-
mation and assembly of the core DAPC and that instead they
have a role in organizing the DAPC within the subcellular
regions near dense bodies.

FIGURE 3. VH1 domain of CTN-1 is critical for CTN-1 localization and function. A, representative GFP images from the muscle cells of C. elegans transgenic
animals expressing GFP-tagged full-length CTN-1 or deleted forms of CTN-1. CTN-1�1–279 lacking the VH1 domain is localized primarily in the cytosolic
compartment. CTN-1�551–784 lacking the C-terminal region shows a diffused punctate pattern, whereas the expression pattern of the CTN-1�382– 416 construct
that lacks the coiled-coil domain is similar to that of the full-length construct. Scale bar is 10 �m. B, first curvature angle obtained from wild-type (WT),
ctn-1(eg1167) mutant, and several transgenic ctn-1 rescue strains. Error bars, S.E. n.s., not significant (p � 0.05). *, p � 0.01, unpaired Student’s t test, n �5.
Representative photos show the anterior portion of wild-type, ctn-1, and ctn-1 transgenic rescue strains. White circles indicate the four most anterior of the 13
midline points for a wild-type animal (21). The first curvature angles are angles between two white lines resulting from the first three dots.
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FIGURE 4. Proper localizations of both �-dystrobrevin and �-catulin in muscle are interdependent. A, C. elegans transgenic animals expressing integrated
GFP-tagged DYB-1 under the control of the dyb-1 promoter were examined under a confocal microscope. DYB-1::GFP exhibits a distinctive punctate pattern in
wild-type animals. However, this pattern is lost in both ctn-1(eg1167) and dys-1(eg33) mutant animals. Scale bar is 10 �m. B, protein levels of DYB-1::GFP in both
ctn-1(eg1167) and dys-1(eg33) mutants are not significantly changed when examined by Western blot analysis using anti-GFP antibodies. Upper, representative
immunoblot. Lower, quantification of relative band intensity normalized to the level of tubulin. Error bars, S.D. The change of the relative level was not
significant (two-tailed Student’s t test, p � 0.05). C, C. elegans transgenic animals expressing integrated GFP-tagged CTN-1 under the control of the ctn-1
promoter were examined under a confocal microscope. In wild-type animals, CTN-1::GFP exhibits a punctate pattern similar to that of DYB-1::GFP. This pattern
is lost in both dyb-1(cx36) and dys-1(eg33) mutant animals. D, protein levels of CTN-1::GFP in both dyb-1(cx36) and dys-1(eg33) mutants are only slightly
decreased compared with wild type when examined by Western blot analysis using anti-GFP antibodies. Upper, representative immunoblot. Lower, quantifi-
cation of the relative band intensity normalized to the level of tubulin. Error bars, S.D. The change of the relative level was not significant (two-tailed Student’s
t test, p � 0.05). E, protein levels of SGCA-1::GFP were compared in wild-type, dys-1(eg33), and ctn-1(eg1167) animals by Western blot analysis. Compared with
wild-type and ctn-1(eg1167) animals, dys-1(eg33) mutants show a significant decrease in SGCA-1::GFP expression. Upper, representative immunoblot. Lower,
quantification of the relative band intensity normalized to the level of tubulin. Error bars, S.D. *, p � 0.05 (two-tailed Student’s t test).
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In Mouse Skeletal Muscle, �-Catulin and �-Dystrobrevin
Exist in Same Protein Complex and Co-localize in Muscle—
Based on the findings from our C. elegans genetic study, we
explored the possible roles of �-catulin and �-dystrobrevin in
mammalian skeletal muscle. In mammals, the single �-dystro-
brevin gene produces multiple isoforms generated by alterna-
tive use of the promoter or by post-transcriptional regulation
(30). Among these isoforms, �-dystrobrevin-1 (�-DB1) is the
only isoformwith aC-terminal extension that is homologous to
the CTN-1 binding sequence of C. elegans DYB-1 (31, 32).
Although �-DB1, the largest isoform, is clearly expressed in
mouse skeletalmuscle, it was not clear whether�-catulin is also
present in skeletal muscle. Using two monoclonal antibodies
specific for �-catulin, we were able to detect its expression in
mouse skeletal muscle (Fig. 5A). Because we have shown in our
studies that �-catulin plays a crucial role in the localization of
DAPC in striated body wall muscles inC. elegans, we examined
whether �-catulin interacts with �-dystrobrevin inmouse skel-
etalmuscle.We performed reciprocal co-immunoprecipitation
and Western blotting experiments using mouse muscle
extracts. Immunoprecipitation with an anti-�-dystrobrevin
antibody brought down �-catulin along with several different
isoforms of �-dystrobrevin in wild-type muscle extracts (Fig.
5A), but not in �-dystrobrevin-null (�-DB�/�) muscle extracts
(supplemental Fig. S1). Conversely, immunoprecipitation with
an anti-�-catulin antibody co-precipitated�-catulin alongwith
�-DB1, but not with other isoforms of �-dystrobrevin (Fig. 5B).
These results indicate that �-catulin and �-DB1 exist in the

same protein complex in mouse skeletal muscle. Further evi-
dence that �-catulin may interact with �-dystrobrevin in
mouse muscle was obtained by immunostaining of muscle.
Both �-catulin and �-dystrobrevin are stained at the muscle
membrane, and the two proteins are partially co-localized,
although �-catulin shows variable staining in other intracellu-
lar areas (Fig. 5C).

Based on physical interaction and partial co-localization of
�-catulin and �-dystrobrevin, we further examined whether
the expression of �-catulin is altered in �-DB�/� muscle. In
Western blot analyses from muscle extracts, we found that the
protein level of �-catulin is significantly reduced in �-DB�/�

mice comparedwith controlmice (Fig. 6A). Furthermore,�-ca-
tulin staining showed a reduction throughout the sarcolemma
in �-DB�/� muscle (Fig. 6B). Notably, in �-DB�/� mice we
observed a great reduction of �-catulin, along with acetylcho-
line receptors, at the neuromuscular junctions, where�-catulin
staining is stronger than other areas (Fig. 6C). These results are
consistent with our C. elegans results that the localization of
CTN-1 is dependent on the presence of DYB-1.
Expression of �-Catulin Is IncreasedWhenDAPC Is Compro-

mised in Mouse Skeletal Muscle—After establishing the inter-
action between �-catulin and �-dystrobrevin, we further
explored the relationship between the DAPC and �-catulin in
mouse skeletal muscle. In C. elegans muscle, we showed that
DAPC and �-catulin are dependent on each other for their
proper localization at the subdomain of the muscle membrane.
Inmammalian skeletal muscles, the DAPC is known to interact
with many cytoskeletal proteins. Furthermore, the expression
of these cytoskeletal proteins is increased when the DAPC is
compromised. This compensatory increase is thought to play a
role in protecting the weakened sarcolemma (9, 33, 34). There-
fore, we compared the expression levels of �-catulin in gastro-
cnemius muscles from 4-week-old wild-type mice and mdx
mice, which lack functional dystrophin. We chose 4-week-old
mice for our experiments because mdx mice at that age have
not yet undergone extensive degeneration and regeneration of
skeletal muscle. In a Western blot analysis, we found that the
amount of �-catulin protein in mdx muscle was significantly
increased compared with wild-type muscle (Fig. 7A). These
results indicate that, as a compensatorymechanism, dystrophic
skeletal muscle increases the expression or stability of �-catu-
lin. Next, we examined whether this increased �-catulin is lim-
ited to the sarcolemma or is diffused throughout the cytoplas-
mic compartment. Immunostaining of frozen muscle sections
shows that�-catulinwas increased throughout the sarcolemma
of mdx mice, although �-catulin was more prominent in the
sarcolemma of small muscle fibers that are likely to represent
occasional regenerating muscle fibers (Fig. 7B and supplemen-
tal Fig. S2). Although we cannot completely exclude that other
inflammatory cells or regenerating skeletal muscle cells con-
tribute to an increased �-catulin level, these results indicate
that, inmdxmice, �-catulin is specifically elevated at the sarco-
lemma. We conclude that the increased levels of �-catulin in
mdx muscle are the result of a compensatory response to the
disrupted DAPC integrity.

FIGURE 5. �-Catulin forms a complex with �-dystrobrevin in mouse mus-
cles. A, �-dystrobrevin co-precipitates with �-catulin in mouse muscle
extract. Mouse muscle extract was immunoprecipitated with either control
antibody (unimmunized rabbit IgG) or anti-�-dystrobrevin antibody (H300).
Immunoprecipitated proteins were analyzed by Western blotting (WB)
with anti-�-catulin antibodies. The same membrane was stripped and rep-
robed with �-dystrobrevin antibody. Arrows indicate the specific protein
detected. Asterisks indicate isoforms of dystrobrevin. Arrowhead indicates
nonspecific protein. B, �-catulin co-precipitates with �-dystrobrevin in
mouse muscle extract. Mouse muscle extract was immunoprecipitated
with anti-�-catulin antibody (clone 5G8) and probed with �-dystrobrevin
(upper). The same blot was stripped and reprobed with �-catulin antibody
(lower). Arrows indicate the specific protein band detected. Total, extract
input; Control, control nonspecific antibody. C, frozen cross-section of
mouse muscle was stained with anti-�-catulin antibody (clone 5G8) and
anti-�-dystrobrevin antibody (H300) and examined under a confocal
microscope. Shown are images obtained by two different laser lines at a
single Z-plane. M.W., molecular mass.
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DISCUSSION

In this study, we uncovered that CTN-1/�-catulin interacts
with DYB-1/dystrobrevin in C. elegans and also in mouse mus-
cles. Our data show that disruption of the interaction between
CTN-1 and DYB-1 abolishes normal localization of the DAPC
in C. elegans muscle. Importantly, the interaction between
�-catulin and �-dystrobrevin is conserved in mammalian mus-
cle, as shown by the fact that in mouse muscle �-catulin exists
in the same protein complex as �-DB1, and the two proteins
co-localize by immunofluorescence microscopy. Intriguingly,
we observed a compensatory increase of �-catulin expression
levels in the skeletal muscle of dystrophin-deficientmdxmice,
in which the DAPC is disassembled and the mechanical link
between the costamere and the sarcolemma is lost.
Despite extensive proteome analysis based on biochemical

purification of theDAPC inmammalian skeletalmuscles,�-ca-
tulin has not been identified as a protein that interacts with the
DAPC. �-Dystrobrevin in mammals produces multiple iso-
forms generated by alternative promoter use or by post-tran-
scriptional regulation (30). Most of the �-dystrobrevin iso-
forms are distributed throughout the sarcolemma and the
neuromuscular junction. With the exception of an isoform
lacking the syntrophin and dystrophin binding sites, all of the
�-dystrobrevin isoforms interact with the DAPC at the sarco-
lemma (31, 32). Among these many different isoforms, �-DB1
is the sole �-DB isoform that co-precipitates with �-catulin.
Hence, the amount of�-catulin in the purifiedmammalian dys-
trophin complex could be relatively low. This may partially
explain the failure to identify �-catulin using a proteomics
approach. In contrast,C. elegans expresses a single form of dys-
trobrevin that interacts with �-catulin. We identified ctn-1 as
an important player in DAPC localization and function by

FIGURE 7. Increased levels of �-catulin in mdx mouse muscles. A, �-catulin
level is increased in mdx hindlimb muscle extracts. Upper, representative
Western blot of muscle extracts from 4-week-old control or mdx mice using
anti-�-catulin antibody (clone 5G8). Lower, quantification of relative band
intensity normalized to the level of GAPDH. Error bars, S.D. *, p � 0.05 (two-
tailed Student’s t test). B, frozen sections of gastrocnemius muscles from con-
trol or mdx mouse were stained with either anti-�-catulin antibody (clone
5G8) or anti-dystrophin. The stained sections were examined under a wide-
field fluorescent microscope. Scale bar, 30 �m.

FIGURE 6. �-Catulin levels are reduced at the sarcolemma and neuromuscular junctions of �-dystrobrevin-deficient mouse muscle. A, �-catulin level is
reduced in �-dystrobrevin-null (�-DB�/�) hindlimb muscle extract. Left, representative immunoblot with anti-�-catulin antibody (clone 5G8). Right, quantifi-
cation of relative intensity normalized to the level of GAPDH. Error bars, S.D. *, p � 0.05 (two-tailed Student’s t test). B, �-catulin is reduced at the sarcolemma
of �-DB�/� muscle (tibialis anterior). Scale bar, 10 �m. C, �-catulin is reduced at the neuromuscular junctions of �-DB�/� muscle (tibialis anterior). AChR, the
neuromuscular junctions were identified by the presence of acetylcholine receptors (�-bungarotoxin).
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means of a forward genetic screen in C. elegans (16), which
allowed us to circumvent problems associated with biochemi-
cal purification such as abundance and solubility of proteins
and stability of the interaction. This genetic screen can be used
further to identify additional novel genes that have roles in the
localization and function of the DAPC.
We previously reported that CTN-1 localizes SLO-1 chan-

nels near dense bodies through the DAPC in muscles (16). We
showed that mutation in ctn-1 disrupts normal localization of
SGCA-1, one of the DAPC components, and that mutations in
various components of DAPC disrupt normal localization of
SLO-1 in C. elegans striated muscle. In the present study, we
found that CTN-1 interacts directly with �-dystrobrevin, one
component of the DAPC, thereby providing the link between
CTN-1 and DAPC in muscles. Our data are at odds with
another result reported by Chen et al. (35). The observation
that the localization of DYB-1 is not altered in the ctn-1
mutants led these authors to conclude that CTN-1 localizes
SLO-1 near dense bodies independently of the dystrophin com-
plex. We interpret that this discrepancy likely stems from the
differences in the ctn-1 alleles used. The eg1167 allele used in
our study has an early nonsense codon mutation at amino acid
144 that eliminates all of the functional domains, including the
VH1 domain, which is necessary for binding to DYB-1. How-
ever, the zw1 allele used by the other group has a nonsense
mutation at amino acid 398, so it is likely to still express a func-
tional VH1domain.Wepreviously observed that another allele,
cim6, which was isolated from the same genetic screen as was
eg1167, retains the VH1 domain and is not a null allele, as the
cim6 allele clearly causes the head-bending phenotype, but does
not result in an abnormality in locomotory speed (16). There-
fore, although our study does not necessarily exclude the pos-
sibility that CTN-1 interacts with SLO-1 directly, it indicates
that CTN-1 requires the dystrophin complex for SLO-1 local-
ization in muscle.
Lyssand et al. reported that �-catulin interacts with dystro-

brevin in a human embryonic kidney cell line (36). They spec-
ulated that the C terminus of dystrobrevin mediates the inter-
action with �-catulin because �-catulin is only co-purified with
the isoform that retains the extra C terminus. We confirmed
this prediction and found that the C terminus of DYB-1 is
indeed required for its binding to CTN-1. However, our data
from yeast two-hybrid analysis indicate that the �-helix H2
proximal to the C-terminal region is also necessary for this
binding. Another important difference between the report
from Lyssand et al. and our results is that the earlier report did
not find a correlation between �-dystrobrevin and �-catulin in
mouse skeletal muscle. In contrast, we found that �-catulin is
expressed at the sarcolemma of skeletal muscle and that its
expression is reduced in �-DB�/� muscle. This discrepancy
may have resulted from the specificity of the antibodies used in
the previous study. The anti-�-catulin antibodies used in the
present study were made by our group and have been validated
in other studies (18). Although Lyssand et al. (36) showed that
�-catulin interacts with �- and �-dystrobrevin 1 in tissue cul-
ture cells, it was not clear from those studies whether lack of
�-catulin disrupts the integrity and localization of the DAPC.
Given that disrupted integrity of the DAPC is extensively doc-

umented as a cause of muscular dystrophy, addressing this
question is important for understanding the pathogenesis of
muscular dystrophy. Our present study demonstrates that
proper membrane localization of CTN-1/�-catulin and DYB-
1/�-dystrobrevin is interdependent in vivo and directly links
�-catulin to the localization of the DAPC near dense bodies,
structures that are homologous to mammalian costameres.
The role of �-dystrobrevin in muscle degeneration has not

been clear thus far. Although early biochemical studies estab-
lished �-dystrobrevin as a component of the DAPC (37),
genetic defects in �-dystrobrevin have not been linked to
humanmuscular dystrophy. Furthermore, disruption of �-dys-
trobrevin inmice does not result in disintegration of the DAPC
inmuscle and does not causemassive skeletal and cardiacmus-
cle degeneration (22). These data led to the idea that dystro-
brevin contributes tomuscle stability as a mediator of signaling
function, rather than structural function, of the DAPC (22).
Recent findings from vertebrate comparative genome analysis
of �-dystrobrevin show that �-dystrobrevin generates numer-
ous isoforms by alternative splicing (30). These diverse iso-
forms can control specific interactions with different signaling
proteins by shuffling specific domains responsible for the inter-
actions. In addition to interactions with dystrophin, syntro-
phins, and the sarcoglycan complex, �-dystrobrevin interacts,
through its different domains, with several additional cytoskel-
etal proteins, including syncoilin (38), synemin (or desmuslin)
(39), kinesin heavy chain (40), and DAMAGE (41). Such inter-
actions with a variety of proteins correlate with the observation
that theDAPC is broadly localized throughout the sarcolemma,
although it is enriched at costameres. In C. elegans, dystro-
brevin/DYB-1 and �-sarcoglycan/SGCA-1 are observed as
puncta only near dense bodies and do not show broad expres-
sion in the muscle membrane. DYB-1 is also expressed as a
single CTN-1-binding form, which is homologous to �-DB1.
Together, these data indicate that theC. elegansDAPC is exclu-
sively associated with a region close to dense bodies (12). Our
current study identifies �-catulin as another protein that inter-
acts with �-dystrobrevin in muscle. Importantly, mutations in
ctn-1 cause defects in the localization of DYB-1 and SGCA-1/
�-sarcoglycan near dense bodies without significantly altering
the levels of DYB-1 and SGCA-1 proteins. Likewise, a mutation
in dyb-1 also disrupts the localization of CTN-1 near dense
bodies without reducing the amount of CTN-1 protein. Based
on previous data and our new data, we propose that, although
mutations in dyb-1 and ctn-1 do not significantly influence the
formation and assembly of the DAPC, the interaction between
DYB-1 and CTN-1 stabilizes or maintains the localization of
the DAPC near dense bodies of C. elegansmuscle. The absence
of either protein disrupts the tight association of the dystrophin
complex with unidentified cytoskeletal elements located near
dense bodies, thereby compromising normal localization of the
DAPC. By extension, the interaction between �-catulin and
�-dystrobrevin is likely to play a role in maintaining or stabiliz-
ing the mammalian DAPC near costameres, which are struc-
tures homologous to C. elegans dense bodies. In this case, the
DAPC form with �-DB1 and �-catulin is expected to be con-
centrated at costameres, and other forms of the DAPC that are
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not associated with �-catulin may be localized throughout the
sarcolemma.
Several cytoskeletal proteins show compensatory increases

when dystrophin is mutated. These proteins include utrophin,
�-actin, and syncoilin (9, 33, 34, 42). Such compensatory
increases have been postulated to fortify the weakened sarco-
lemma through recruitment of parallel mechanical linkages.
Overexpression of utrophin protectsmdxmuscle from the dis-
organization of costameric actin. Similarly, overexpression of
�-actin improves the dystrophic phenotype ofmdxmuscle (43).
In this context, the increase of sarcolemmal �-catulin levels in
mdxmuscle may be a compensatory mechanism that has a role
in protection from sarcolemmal damage. Interestingly, such
increases of �-catulin were not observed in �-DB�/� muscle,
where other core components of the dystrophin complex
remain intact and the dystrophic phenotype is mild. Thus, we
speculate that a weakened or damaged sarcolemma due to a
complete disruption of the dystrophin complex induces the
expression of �-catulin. In C. elegans we observed a reduction
of CTN-1 localization at the muscle membrane of dys-1
mutants. We conjecture that the compensatory mechanism
may be an example of a complex gene-regulatory network pres-
ent in higher organisms, but not in nematodes. Alternatively, a
lack of a sarcolemmal repair mechanism in C. elegans muscle
may preclude such compensatory programs.
In the future, it will be important to understand the role of

�-catulin in the pathogenesis of muscle diseases. Furthermore,
the identification of additional �-catulin-interacting proteins
will illuminate how the DAPC is organized near dense bodies/
costameres and how �-catulin is retained at the sarcolemma in
the absence of the DAPC. In summary, evolutionary conserva-
tion of the DAPC composition and of the interaction of �-ca-
tulin with dystrobrevin from C. elegans to mammals strongly
suggests that �-catulin plays an essential role in the correct
localization and functioning of the dystrophin complex in stri-
ated muscle.
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