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Cbl-associated protein (CAP) is an adaptor protein that interacts with both signaling and cytoskeletal proteins. Here, we
characterize the expression, localization and potential function of CAP in striated muscle. CAP is markedly induced
during myoblast differentiation, and colocalizes with vinculin during costamerogenesis. In adult mice, CAP is enriched
in oxidative muscle fibers, and it is found in membrane anchorage complexes, including intercalated discs, costameres,
and myotendinous junctions. Using both yeast two-hybrid and proteomic approaches, we identified the sarcomeric
protein filamin C (FLNc) as a binding partner for CAP. When overexpressed, CAP recruits FLNc to cell–extracellular
matrix adhesions, where the two proteins cooperatively regulate actin reorganization. Moreover, overexpression of CAP
inhibits FLNc-induced cell spreading on fibronectin. In dystrophin-deficient mdx mice, the expression and membrane
localization of CAP is increased, concomitant with the elevated plasma membrane content of FLNc, suggesting that CAP
may compensate for the reduced membrane linkage of the myofibrils due to the loss of the dystroglycan–sarcoglycan
complex in these mice. Thus, through its interaction with FLNc, CAP provides another link between the myofibril
cytoskeleton and the plasma membrane of muscle cells, and it may play a dynamic role in the regulation and maintenance
of muscle structural integrity.

INTRODUCTION

Striated muscle contains highly organized cytoskeletal net-
works that are critical for contractile activity (Au, 2004). The
basic contractile units of the myofibril are sarcomeres. Z-
discs comprise the border of individual sarcomeres, where
antiparallel actin filaments that span these units are cross-
linked. The contractile cytoskeleton of the myofibril is teth-
ered to the muscle plasma membrane, or sarcolemma, at
specialized membrane anchorage sites (Clark et al., 2002).
Z-discs are attached to the sarcolemma at costameres, and
protein complexes in these structures link the myofibril cy-
toskeleton to the extracellular matrix (ECM). Skeletal muscle
myofibrils terminate at the myotendinous junction, whereas
myofibrils of cardiomyocytes terminate at intercalated discs,
where adjacent myocytes are connected to each other. All
three types of membrane linkage share structural and mo-
lecular similarities, and they are important for transmitting
chemical and mechanical signals across the sarcolemma, and
in maintaining the structural integrity of muscle cells. More-
over, mutations in the costameric transmembrane adhesion
complexes, including the dystrophin–glycoprotein complex

(DGC) and the integrin–focal adhesion complex, account for
a large percentage of human myopathies (Durbeej and
Campbell, 2002; Spence et al., 2002; Dalkilic and Kunkel,
2003; Davies and Nowak, 2006).

Filamin C (FLNc) is an actin-binding protein that interacts
with �- and �-sarcoglycan in the DGC (Thompson et al.,
2000). A mutation in FLNc has been associated with a novel
form of myofibrillar myopathy with clinical features of the
late-onset limb girdle muscular dystrophy (Vorgerd et al.,
2005). A recent study using knockout mice verified a crucial
role for FLNc in muscle development and maintenance of
muscle structural integrity (Dalkilic et al., 2006). FLNc also
binds directly to the Z-disk proteins FATZ and myotilin
(Gontier et al., 2005), resulting in its two-pool-distribution in
muscle cells. The majority of FLNc is concentrated at Z-
discs, whereas the remainder is found under the sarcolem-
mal membrane within the costamere region (Thompson et
al., 2000). FLNc was also identified as a component of inter-
calated discs and myotendinous junctions (van der Ven et al.,
2000). Interestingly, FLNc localization is abnormal in a num-
ber of muscle diseases (Sewry et al., 2002; Bonnemann et al.,
2003; Beatham et al., 2004). For example, in Duchenne mus-
cular dystrophy patients, the amount of FLNc at the sarco-
lemma is markedly increased, suggesting that FLNc may
participate in a compensatory response to sarcolemmal
damage, with the loss of dystrophin (Hoffman et al., 1987;
Thompson et al., 2000).

The filamin family includes three isoforms, filamin A, B,
and C (van der Flier and Sonnenberg, 2001). Although FLNa
and FLNb are ubiquitously expressed in cells and tissues,
FLNc is specifically found in striated muscles (Thompson et
al., 2000). All filamins cross-link and stabilize three-dimen-
sional networks of actin filaments, and they link them to cell
membranes. These proteins contain an N-terminal actin-
binding domain (ABD), followed by a long rod-shaped do-
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main with 24 immunoglobulin (Ig)-like repeats. Filamins
have been proposed to regulate actin polymerization, mech-
anoprotection, signal transduction, and cellular migration
(Stossel et al., 2001; Feng and Walsh, 2004; Popowicz et al.,
2006). Numerous studies have demonstrated an essential
role for FLNa in cell motility and membrane stability (Rob-
ertson, 2005). FLNc has also been suggested to be involved
in the regulation of cell morphology and the migration of
myogenic progenitor cells (Tu et al., 2003; Goetsch et al.,
2005).

CAP is an adaptor protein containing a SoHo domain in
its N terminus and three tandem SH3 domains at the C
terminus (Ribon et al., 1998b). CAP exists as multiple iso-
forms that arise through alternative splicing of the SORBS1
gene in different tissues and cell lines (Ribon et al., 1998b).
These isoforms were previously given different names by
various groups (Mandai et al., 1999; Zhang et al., 2003). Here,
we use the name CAP to generically refer to these isoforms.
Our previous studies have shown that the SoHo domain
mediates the interaction of CAP with flotillin in lipid rafts,
which may play a role in insulin-stimulated glucose uptake
in 3T3-L1 adipocytes (Kimura et al., 2001; Liu et al., 2005).
The C-terminal Src homology (SH)3 domains in CAP medi-
ate its interaction with a variety of cytoskeletal or signaling
molecules including Cbl, vinculin, and paxillin (Ribon et al.,
1998b; Mandai et al., 1999). We recently demonstrated that
CAP localizes to cell–ECM adhesion sites in fibroblasts
through its association with the focal adhesion protein vin-
culin and that it negatively regulates cell spreading and
migration by stabilizing focal adhesion complexes (Zhang et
al., 2006). The enrichment of CAP in heart and skeletal
muscle (Ribon et al., 1998b) prompted us to further charac-
terize and explore its potential functions in these tissues. In
this report, we identify FLNc as a novel binding partner for
CAP, and we demonstrate that the CAP–FLNc interaction
may provide another link between the myofibril cytoskele-
ton and the plasma membrane of the muscle cells, playing a
dynamic role in the regulation and maintenance of muscle
structural integrity.

MATERIALS AND METHODS

Antibodies and Reagents
CAP, insulin receptor (IR), green fluorescent protein (GFP), hemagglutinin
(HA), and Myc antibodies were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). �-actinin antibodies were obtained from Sigma-Aldrich (St.
Louis, MO). Filamin C antibody was a gift from Dr. Louis M. Kunkel. Myosin
antibodies were from Developmental Studies Hybridoma Bank (University of
Iowa, Iowa City, IA). Vinculin and CAP antibodies were from Upstate Bio-
technology (Lake Placid, NY), and Paxillin, caveolin 3, and integrin �1 anti-
bodies were purchased from BD Biosciences (San Jose, CA). �-Sarcoglycan
antibodies were from Vision BioSystems (Newcastle, United Kingdom). The
Akt antibodies were from Cell Signaling Technology (Beverly, MA). The
Alexa Fluor secondary antibodies and phalloidin were from Molecular Probes
(Eugene, OR). NADH and nitro blue tetrazolium and human plasma fibronec-
tin were purchased from Sigma-Aldrich. Protein A/G-agarose beads were
from Santa Cruz Biotechnology.

Animals
C57BL/6, mdx (C57BL/10ScSn-Dmdmdx/J), and control (C57BL/10ScSnJ) mice
were purchased from The Jackson Laboratory (Bar Harbor, ME). All mice
used in this study were housed in the Unit for Laboratory Animal Medicine
at the University of Michigan.

Plasmids and Mutagenesis
The CAP cDNA used in our experiments represents the CAP2 isoform that
was described previously (Zhang et al., 2003). Myc, GFP, glutathione trans-
ferase (GST)-tagged wild-type and mutant CAP constructs were described
previously (Zhang et al., 2006). Full-length filamin C cDNA was cloned by
reverse transcription-polymerase chain reaction (PCR) from mouse muscle
mRNA, and it was subsequently subcloned into the pkH3 vector at EcoRI site.

Fragments of filamin C were generated by PCR by using the full-length cDNA
as template, and subcloned into the pGEX vector. The filamin A fragment was
cloned form muscle mRNA and subcloned into pGEX vector. The HA-FLNc
�R2 mutant was generated by PCR-mediated internal deletion. All mutations
and cloning products were confirmed by sequencing.

Cell Culture and Transient Transfection
All cells were cultured in DMEM containing 10% fetal bovine serum (FBS),
100 U/ml penicillin G sodium, and 100 �g/ml streptomycin sulfate. L6
myoblasts were induced to differentiate by switching to DMEM containing
1% FBS, and C2C12 differentiation was induced by switching to DMEM with
4% horse serum. COS-1 cells were transfected using FuGENE 6 reagent
(Roche Diagnostics, Indianapolis, IN) according to the manufacturer’s in-
structions. L6 cells were transfected using Lipofectamine 2000 (Invitrogen).

Isolation of Neonatal Cardiomyocytes
Hearts were isolated from 3-d-old mouse pups and digested by collagenase.
Dissociated cells were subjected to differential preplating to enrich for cardi-
omyocytes, and then they were plated in DMEM/F-12 with 10% FBS onto
fibronectin-coated coverslips, at a density of 0.5–1 � 106 cells/cm2. Media
were changed after 24 h of plating.

Immunofluorescence and Confocal Microscopy
Heart or various skeletal muscles was isolated and embedded in O.C.T.
(Tissue-Tek; QIAGEN, Valencia, CA), snap-frozen in isopentane cooled in
liquid nitrogen, and stored at �80°C. The frozen samples were cut into 10-�m
sections, fixed in methanol for 5 min, followed by immunostaining. Cells
grown on glass coverslips were fixed with 10% Formalin for 20 min, followed
by permeabilization with 0.5% Triton X-100 for 5 min. Tissue sections or cells
on coverslips were blocked with 1% bovine serum albumin, 1% ovalbumin,
and 2% goat serum for 1 h, and then incubated with primary antibodies for
1 h followed by Alexa Fluor secondary antibodies for 0.5 h. Sections were
mounted with Vectashield (Vector Laboratories, Burlingame, CA). Cells were
imaged using a confocal fluorescence microscope (Olympus IX SLA; Olym-
pus, Melville, NY). Images were then imported into Photoshop (Adobe Sys-
tems, Mountain View, CA) for processing.

For quantification of the membrane staining, all images were captured
under the same laser intensity and Photomultiplier tube (PMT) setting. The
staining intensity on the membrane was scored for 20 myofibers from each
group, by using Olympus FluoView software.

Muscle Fiber Typing
Serial sections of skeletal muscle were subjected to either immunostaining
with anti-CAP and anti-myosin (slow or fast) antibodies, or NADH-tetrazo-
lium reductase (TR) staining. For NADH-TR staining, sections were incubated
with 1 mg/ml NADH and 1 mg/ml nitro blue tetrazolium at 37°C for 30 min.
Then they were rinsed with water, destained with acetone, mounted with
Vectashield, and photographed.

Immunoprecipitation and Immunoblotting
For immunoprecipitation studies, cells were washed twice with ice-cold phos-
phate-buffered saline, and then they were lysed for 30 min at 4°C with buffer
containing 50 mM Tris-HCl, pH 8.0, 135 mM NaCl, 1% Triton X-100, 1 mM
EDTA, 1 mM sodium pyrophosphate, 1 mM Na3VO4, 10 mM NaF, and
protease inhibitors (Roche Diagnostics). Lysates were clarified by centrifuga-
tion at 14,000 � g for 10 min. The supernatants were incubated with the
indicated antibodies for 2 h at 4°C. Immune complexes were precipitated with
protein A/G-agarose for 1 h at 4°C, and then they were washed extensively
with lysis buffer before solubilization in SDS sample buffer. Bound proteins
were resolved by SDS-polyacrylamide gel electrophoresis (PAGE) and trans-
ferred to nitrocellulose membranes. Individual proteins were detected with
the specific antibodies and visualized by blotting with horseradish peroxi-
dase-conjugated secondary antibodies. For other studies, tissue or cells were
lysed in radioimmunoprecipitation assay buffer (above-mentioned lysis
buffer, including 0.5% sodium deoxycholate and 0.1% SDS) and followed by
SDS-PAGE and immunoblotting.

GST Pull-Down Assay
GST fusion proteins were expressed in the Escherichia coli strain BL21 and
purified as described previously (Liu et al., 2000). Cells were lysed as de-
scribed above for immunoprecipitation. Lysates were incubated with GST
fusion proteins immobilized on glutathione-Sepharose beads (GE Healthcare,
Chalfont St. Giles, United Kingdom) for 1 h at 4°C. The beads were washed
extensively with lysis buffer, and the bound proteins were solubilized in SDS
sample buffer and analyzed by immunoblotting.

Triton X-100–soluble and –insoluble Fractionation
Cells were washed with cell solubilization buffer (CSB) containing 10 mM
piperazine-N,N�-bis(2-ethanesulfonic acid), 50 mM KCl, 10 mM EGTA, 3 mM
MgCl2, 2 M glycerol, 2 mM NaF, 1 mM Na3VO4, and protease inhibitors, and
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then they were incubated for exactly 5 min at 4°C in CSB containing 1% Triton
X-100. This soluble fraction was collected, and the plates were washed once
with CSB. The remaining cytoskeletal fraction was lysed in extraction buffer
containing 20 mM Tris-HCl, 300 mM NaCl, 30 mM MgCl2, 1 mM EGTA, 1
mM dithiothreitol, and protease inhibitors. The triton-insoluble fraction was
passed through a 28-gauge syringe 10 times before protein quantification and
Western blot analysis.

Cell Spreading Assay
Serum-starved cells were collected by trypsinization, washed, counted, and
resuspended in DMEM. Cells were kept in suspension for 1 h, and then 5 �
105 cells were added to 35-mm tissue culture dishes that were precoated with
fibronectin (BD Biosciences). Cells were allowed to spread for the indicated
times at 37°C, chilled on ice for 10 min, and then photographed. Spread cells
were defined as cells with extended processes, lacking a rounded morphology
and not phase-bright, whereas nonspread cells were rounded and phase-
bright under microscope. Five random microscopic fields were counted per
plate.

RESULTS

CAP Expression Is Induced during Myogenesis
We first examined CAP expression during myoblast differ-
entiation in well characterized muscle cell lines. Immunoblot
analysis showed that in both C2C12 and L6 cells, CAP is
expressed at low levels in undifferentiated myoblasts and
up-regulated upon differentiation (Figure 1A). The increase
in CAP protein levels is accompanied by increases in the
myogenic markers myosin heavy chain and caveolin 3. Mul-
tiple spliced variants of CAP have been identified in differ-
ent tissues and cell lines (Ribon et al., 1998b; Mandai et al.,
1999; Zhang et al., 2003). Interestingly, several higher-molec-
ular-weight isoforms appear during C2C12 myogenesis,
whereas only one major isoform is expressed in L6 cells. The
anti-CAP antibody used in immunoblotting and immuno-
staining experiments recognizes an N-terminal 16 amino
acid region of CAP, which exists in all splice variants. The

specificity of this antibody was confirmed by Western blot
of muscle lysates from wild-type and CAP null mice
(Lesniewski et al., 2007; Supplemental Figure S1).

We next examined the localization of endogenous CAP
in myoblasts versus myotubes. Our previous studies have
shown that CAP localizes to focal adhesions in fibroblasts
through its interaction with vinculin (Zhang et al., 2006).
As expected, CAP is costained with vinculin at adhesion
sites when overexpressed in L6 myoblasts (Figure 1B).
Upon serum withdrawal, myoblasts fuse to form myo-
tubes. During this process, vinculin redistributes to lon-
gitudinal aggregates that represent nascent costameres.
As shown in Figure 1B, endogenous CAP colocalizes with
vinculin in these structures.

CAP Localizes to Intercalated Discs, Costameres, and
Myotendinous Junctions in Striated Muscles
To confirm the localization of CAP in membrane anchorage
complexes in vivo, we examined the subcellular localization
of CAP in cardiomyocytes and mouse muscle sections (Fig-
ure 2). Neonatal cardiomyocytes were isolated from 3-d-old
mice and plated on fibronectin-coated coverslips. Cells were
fixed and costained with anti-�-actinin and anti-CAP anti-
bodies. Confocal images were captured at the cell–substra-
tum interface. CAP displayed clear focal adhesion (arrows)
and costameric (arrowheads) localization that registered
with overlying Z-disk staining of �-actinin. In heart sections,
the majority of CAP immunostaining was observed at inter-
calated discs as well as along the lateral membranes of
individual cardiomyocytes. The high magnification pictures
clearly demonstrate that CAP colocalizes with vinculin at
costameres along the membrane.

In soleus muscle, CAP displayed a punctate pattern along
the perimeter of the myofibers, colocalizing with caveolin 3.
Consistent with this observation, CAP predominantly local-
izes to the sarcolemma membrane in the longitudinal sec-
tions, with concentrated localization at the costamere region.
In addition, there is weaker staining of CAP at Z-discs where
it costained with �-actinin. CAP is also localized and en-
riched at myotendinous junctions at the end of myofibers.
Together, these results revealed a complex pattern of CAP
localization that coincides with all the myofibril anchorage
structures in striated muscles.

CAP Is Highly Expressed in Oxidative Muscle Fibers
During the immunostaining studies of CAP localization in
muscle, we noticed that CAP expression seemed to be fiber-
type specific. We first examined the protein levels of CAP in
different striated muscles with various fiber compositions.
As shown in Figure 3A, CAP is expressed at high levels in
soleus and diaphragm, whereas the TA, EDL, and quadri-
ceps muscles have very low levels of CAP. As stated, the
numerous bands seen represent multiple splicing variants of
CAP that exist in muscle lysates (also see Supplemental
Figure S1). Skeletal muscle fibers are classified into type I
and type II (a, b, and x) according to the expression of the
myosin heavy chain isoforms (Schiaffino and Reggiani,
1994). Based on their metabolic enzyme profiles, muscle
fibers can also be classified as oxidative versus glycolytic
fibers. Soleus and diaphragm muscles are rich in type I and
type IIa fibers that contain more mitochondria and exhibit
relatively higher rates of oxidative metabolism. To examine
whether the expression of CAP is associated with the con-
tractile and/or metabolic property of muscle fibers, consec-
utive sections of gastrocnemius muscles were stained for
NADH-TR and CAP. As shown in Figure 3B, CAP is highly
expressed in oxidative fibers that stained strongly for

Figure 1. Expression and subcellular localization of CAP during
myoblast differentiation. (A) CAP was dramatically induced during
myoblast differentiation. Western blot of CAP protein level in
C2C12 or L6 myoblast growing in growth media (GM) or after
switching to differentiation media (DM). (B) L6 myoblasts were
transfected with myc-CAP and stained with anti-vinculin and anti-
myc antibodies. Myotubes were costained with vinculin (green) and
endogenous CAP (red).
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NADH-TR. Analysis of soleus and diaphragm muscle sec-
tions revealed that although these muscles contain different
portions of type I versus type II fibers, the majority of the
fibers stained positively for both CAP and NADH-TR (Fig-
ure 3B; data not shown). This is consistent with the high
level of CAP protein detected by Western blot analysis.
Therefore, CAP expression correlates with the oxidative ac-
tivity of the muscle fibers.

CAP Interacts with Muscle-specific Filamin
To understand the potential function of CAP in muscle, we
decided to identify novel binding proteins using a proteom-
ics approach. We prepared a GST-CAP fusion protein in

which the three SH3 domains of the protein were deleted, to
eliminate the many previously known partners that bind via
the SH3 domains (Ribon et al., 1998b; Zhang et al., 2006). Cell
lysates were precipitated with either GST alone or GST-
CAP1-405, and the precipitates were subjected to SDS-PAGE,
followed by staining with Coomassie Blue (Figure 4A).
Compared with the no-lysate or GST alone controls, a few
specific bands appeared in the GST-CAP1-405 precipitates
(lane 4). Mass spectrometry analysis of isolated proteins
revealed that one of the major bands was FLNc (indicated by
an arrow). This finding agreed with the results obtained
from a yeast two-hybrid screen of a 3T3-L1 cDNA library by
using CAP1-405 as bait. From this screen, 13 of the 30 inter-

Figure 2. Localization of CAP in striated muscle.
(A) Mouse neonatal cardiomyocytes were co-
stained with �-actinin and CAP. CAP localizes to
focal adhesions (arrows) and costameres (arrow-
heads). (B) Mouse heart sections were stained with
CAP and �-actinin or vinculin. CAP localizes to
intercalated discs (arrows) and costameres (arrow-
heads). (C) Cross or longitudinal sections of mouse
soleus muscle were stained with CAP and �-acti-
nin or caveolin 3. CAP localizes to the sarcolemma
membranes, with concentrated regions on the
cross sections (arrows). Staining of the longitudinal
sections showed CAP localization at costameres
and MTJs (arrowheads).
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acting proteins identified encoded an N-terminal fragment
of FLNc (Figure 4B).

To confirm the interaction between CAP and FLNc, coim-
munoprecipitation experiments were performed from cell
lysates. HA-tagged FLNc was cotransfected into COS-1 cells
with empty vector or myc-tagged CAP. Cell lysates were
immunoprecipitated with anti-myc antibodies. As shown in
Figure 4C, HA-FLNc coprecipitated with myc-CAP. To de-
termine whether the endogenous proteins also interact with
each other, C2C12 cell lysates were subjected to immuno-
precipitation with anti-CAP antibodies or control rabbit IgG,
followed by Western blot analysis. Endogenous FLNc was
specifically coimmunoprecipitated with CAP (Figure 4D).

We next characterized the domains crucial for the inter-
action between CAP and FLNc. The cDNA recovered from
the yeast two-hybrid screen encodes N-terminal sequences
in FLNc that contain the ABD and the first two Ig repeats (R1
and R2; Figure 4B). To delineate the CAP-binding site in
FLNc, we generated GST-fusion proteins of either the actin-
binding domain or the first two repeats. COS-1 cells were
transfected with myc-CAP, and cell lysates were incubated
with GST fusion proteins. The precipitates were analyzed by
Western blotting. As shown in Figure 4E, Myc-CAP was
pulled down by GST-FLNc-R1-R2, but not GST-FLNc-ABD
or GST alone. In contrast, a GST fusion protein containing
the first two repeats of filamin A (GST-FLNa-R1-R2) did not
pull down myc-CAP in the same experiments. To further
determine which of the two repeats interacts with CAP, GST
fusion proteins containing the single repeat were generated

and used in a similar experiment. GST-FLNc-R2, but not R1,
was able to precipitate myc-CAP. Together, these data dem-
onstrated that CAP binds to the second Ig repeat and further
that this interaction is specific for FLNc.

To establish that the interaction between CAP and FlnC
was direct, HA-tagged wild-type (WT) and a mutant form of
FLNc with the second repeat region deleted (�R2) were in
vitro translated, and then they were incubated with the same
GST-CAP1-405 fusion proteins used in the proteomics study.
WT FLNc, but not the �R2 mutant, was precipitated by
GST-CAP1-405, indicating the direct binding of FLNc to CAP
through its second Ig repeat (Figure 4F).

Analysis of CAP and FLNc in Mdx Mice
Many sarcolemmal proteins are involved in the pathogene-
sis of muscular dystrophies, and many of these are known to
bind FLNc (Dalkilic and Kunkel, 2003). Indeed, in Duchenne
muscular dystrophy (DMD), FLNc is significantly increased
at the sarcolemma potentially to compensate for the loss of
the dystrophin-associated protein complex (Thompson et al.,
2000). To test the hypothesis that CAP might also be altered
in dystrophic muscle, we examined the expression and lo-
calization of CAP in the mouse model for DMD, the dystro-
phin-deficient mdx mice (Sicinski et al., 1989). As shown in
Figure 5A, the protein levels of the longer isoforms of CAP
are increased in mdx mice compared with control mice.
Consistent with previous reports, we also observed in-
creased expression of integrin �1 in mdx mice, whereas
�-sarcoglycan levels were reduced (Hodges et al., 1997;
Rafael and Brown, 2000; Cote et al., 2002). Immunofluores-
cence microscopy revealed a significant increase of CAP on
the membrane of myofibers in the mdx mice compared with
controls (Figure 5B and Supplemental Figure S2). As ex-
pected, the membrane staining of FLNc is also increased in
mdx mice. Quantification of the staining intensity revealed
an approximate twofold increase for both CAP and FLNc on
the membrane. These results suggest that CAP plays a dy-
namic role in muscle, and it is potentially involved in mus-
cular dystrophy. CAP might be responsible for the redistri-
bution of FLNc at the mdx muscle membrane.

CAP Recruits FLNc to Cell–ECM Adhesion Sites
To test the hypothesis that CAP may regulate the cellular
distribution of FLNc, we evaluated the effects of ectopically
expressed CAP on the localization of FLNc by immunofluores-
cence studies. L6 myoblasts were transfected with myc-tagged
wild-type or the W2F mutant of CAP. In the W2F mutant, two
tryptophan residues in the first two SH3 domains were substi-
tuted with phenylalanine, rendering it unable to bind to vin-
culin and paxillin and thus losing its focal adhesion localization
(Zhang et al., 2006). Overexpression of wild-type CAP induced
a strong accumulation of endogenous FLNc at focal adhesion
sites, whereas the W2F mutant failed to do so (Figure 6A).
Thus, CAP functions as an adaptor protein to recruit FLNc to
cell–ECM anchorage sites.

To further confirm that CAP may connect FLNc to focal
adhesion components, immunoprecipitation experiments
were perform to test the potential association between FLNc
and paxillin when CAP is present. COS-1 cells were trans-
fected with HA-FLNc, GFP-paxillin and an empty vector,
myc-tagged wild-type, or the W2F mutant of CAP. As
shown in Figure 6B, HA-FLNc was coprecipitated with GFP-
paxillin only in the presence of wild-type CAP, but not the
W2F mutant that cannot bind to paxillin, indicating that
CAP bridges the interaction between these two proteins.

Figure 3. CAP is highly expressed in oxidative muscle fibers. (A)
Western blot of CAP protein level in various striated muscles. (B)
Serial cryosections of gastrocnemium (top) and soleus (bottom)
muscles were stained for NADH-TR or CAP. Asterisks indicate
examples of muscle fibers with high intensity of CAP staining and
positive for NADH-TR staining on two consecutive sections of
gastrocnemia muscle. � indicates fibers that are negative for either
staining.
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CAP and FLNc Induce Actin Reorganization and Affect
Cell Spreading on Fibronectin
Extensive evidence demonstrates that filamins cross-link actin
filaments and regulate cell shape and motility in response to
various stimuli. Our recent studies have revealed a role for
CAP in the regulation of the actin cytoskeleton and cell motility
(Zhang et al., 2006). To investigate the functional significance of
the CAP–FLNc interaction, we examined the effects of ectopic
expression of these proteins in COS-1 cells. Cells were trans-
fected with HA-FLNc and myc-CAP followed by immuno-
fluorescence staining with anti-HA, anti-myc antibodies and
phalloidin to visualize actin. Overexpressed FLNc exhibited
lamellipodial meshwork and diffused cytoplasmic localiza-
tion at the cell periphery, and it was also found along actin
stress fibers. In cells doubly transfected with both HA-FLNc
and myc-CAP, F-actin forms an intensive network, with
FLNc and CAP decorating these enlarged actin bundles
(Figure 7A). To determine whether CAP induced a redistri-
bution of FLNc to actin cytoskeletal structures, cell lysates
were separated into Triton X-100–soluble and insoluble frac-
tions. Western blot analysis showed that overexpression of
CAP induced a redistribution of FLNc to Triton X-100–
insoluble fractions (Figure 7B). Thus, overexpression of CAP
and FLNc together significantly induces the formation of

extra-large actin bundles, suggesting that CAP enhances the
actin cross-linking function of FLNc.

The importance of the CAP–FLNc interaction in regulating
cell morphology was examined by evaluating cell spreading in
response to the ECM. COS-1 cells were transiently transfected
with GFP or GFP-CAP, with or without HA-FLNc, and then
they were subsequently replated on fibronectin for 10, 20, or 40
min. More than 90% of cells were transfected when examined
by fluorescence microscopy (data not shown). As shown in
Figure 8, CAP overexpression impaired cell spreading, as re-
ported previously (Zhang et al., 2006). In contrast, FLNc over-
expression enhanced cell spreading at each time point, as
shown by fewer phase-bright cells in the fields. Coexpression
of CAP reversed the effect of FLNc, exhibiting a spreading
defect similar to cells transfected with CAP alone. All the cells
were able to spread after a prolonged incubation (data not
shown). Together, these data suggest that CAP negatively reg-
ulates FLNc-mediated actin reorganization that results in cell
spreading.

DISCUSSION

In striated muscle, the specialized linkages between the
subsarcolemmal cytoskeleton and the extracellular matrix

Figure 4. CAP interacts with FLNc. (A) GST-
CAP1-405 was used to affinity purify associat-
ing proteins. Cell lysates were subjected to
pull down by GST or GST-CAP1-405, followed
by SDS-PAGE, and stained with Coomassie
Blue. Bands were cut out and analyzed by
mass spectrometry. The arrow indicates the
presence of FLNc specifically in GST-CAP1-405
pull down (lane 4). (B) FLNc is a yeast two-
hybrid hit of CAP1-405. (C) HA-FLNc coimmu-
noprecipitated with myc-CAP when overex-
pressed in COS-1 cells. WCL, whole cell
lysates. (D) Coimmunoprecipitation of endog-
enous FLNc with CAP in C2C12 cells. (E) CAP
interacts with FLNc through the second Ig
repeat (FLNc-R2). COS-1 cells were trans-
fected with myc-CAP. Cell lysates were sub-
jected to pull down experiments by GST-fu-
sion fragments of filamins. (F) GST alone or
GST-CAP1-405 were used to pull down in vitro
translated HA-FLNc or the �R2 mutant. The
precipitates were subjected to SDS-PAGE and
Western blot analysis. Ponceau S staining
shows the amount of GST fusion proteins
used.
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are crucial to the transduction of contractile force, the orga-
nization of myofibrils, and the integrity of the membrane
during contraction. Despite the importance of these connec-
tions, the molecular mechanisms that regulate membrane
anchorage complexes remain poorly defined. In this study,
we have identified CAP as an FLNc-associated protein that
participates in linking the cytoskeleton to the sarcolemma in
muscle cells.

Costameres were originally described as electron-dense
plaques rich in the focal adhesion protein vinculin (Koteliansky
and Gneushev, 1983; Pardo et al., 1983a,b; Shear and Bloch,
1985; Bloch et al., 2002). Indeed, these structures share many
of the features of focal adhesions, and they are considered a
striated muscle-specific elaboration of focal adhesions (Erv-
asti, 2003; Samarel, 2005). Our previous studies identified
CAP as a component of the cell–ECM adhesion complex in
fibroblasts. CAP interacts with both paxillin and vinculin,
and the latter is crucial in anchoring CAP at adhesion sites
(Zhang et al., 2006). CAP was also reported to localize to
cell–cell junctions in epithelial cells (Mandai et al., 1999).

These findings prompted us to explore whether CAP is also
localized at membrane anchorage structures in muscle cells,
including costameres, myotendinous junctions (MTJs), and
intercalated discs.

During myoblast differentiation, CAP localization changes
from focal adhesions to pre- and nascent costameres. Similar
observations have been reported from studies of ponsin
(another name of one CAP isoform) in human skeletal mus-
cle cells (Gehmlich et al., 2007). In a recent study using an in
vitro myoblast differentiation model, several focal adhesion
components, including paxillin, vinculin, focal adhesion ki-
nase (FAK), and integrin, were found to redistribute to
costameres upon muscle differentiation (Quach and Rando,
2006). In addition, focal adhesion signaling through FAK is
essential for costamerogenesis and myofibrillogenesis. The
similar redistribution of CAP, together with the significant
up-regulation of the CAP protein, suggests a potential role
for CAP in the formation of costameres during myogenesis.
Moreover, the increased expression of certain isoforms of
CAP suggests different isoforms may have specific functions
in mature muscle cells that have yet to be defined.

Using two independent approaches, we identified a novel
interaction between CAP and the muscle-specific filamin
FLNc. This interaction is mediated through the direct bind-
ing of the N-terminal part of CAP to the second repeat of

Figure 5. Expression and localization of CAP in mdx mice. (A)
Western blot analysis of CAP protein levels in diaphragm (Diaph)
and Soleus from WT or mdx mice. (B) Immunostaining of the cross
sections of diaphragm from WT or mdx mice for IR (green) and CAP
or FLNc (red). The graphs on the right show the quantitation of
membrane staining of CAP and FLNc relative to IR. The data
represent mean � SE. *p � 0.001.

Figure 6. CAP recruits FLNc to cell-ECM adhesions. (A) L6 myo-
blasts were transiently transfected with myc-tagged wild-type CAP
or the W2F mutant and costained with anti-myc (green) and anti-
FLNc (red) antibodies. (B) FLNc coprecipitated with paxillin in the
presence of CAP. COS-1 cells were transfected with HA-FLNc,
GFP-paxillin, and either empty vector, myc-tagged WT CAP, or the
W2F mutant. Cells were lysed and immunoprecipitated with
anti-HA antibody, and the coprecipitated GFP-paxillin was detected
by Western blot analysis.
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FLNc. The N-terminal domain of FLNc binds to actin and
the last repeat at the C terminus mediates its homodimer-
ization. FLNc dimers cross-link F-actin to form parallel bun-
dles or orthogonal networks. Our previous studies revealed
that CAP binds to F-actin in an in vitro cosedimentation
assay (Zhang et al., 2006). Therefore, we propose the exis-
tence of a CAP–FLNc–actin tertiary structure, where CAP
helps to cross-link and stabilize the F-actin network. Indeed,
cooverexpression of CAP and FLNc induced the formation
of an intensive network of actin fibers, as shown in Figure
7A.

Filamins play an essential role in the modulation of cell
shape and motility, and loss of function mutations in FLNa
produce defects in neuronal migration (Fox et al., 1998).
Although overlapping functions are suggested among fil-
amin family members, few studies have examined the role
of FLNc in the regulation of cell morphology and motility.
FLNc has been suggested to be involved in migfillin-medi-
ated cell shape regulation (Tu et al., 2003). Here, we show
that overexpression of FLNc enhances cell spreading on
fibronectin and that this function of FLNc is inhibited by
CAP. Our recent study showed that CAP negatively regu-
lates cell spreading via stabilizing cell–ECM adhesion struc-
tures (Zhang et al., 2006). We demonstrate here that CAP
causes an accumulation of FLNc at adhesion sites, which
may restrict the availability of FLNc at the periphery to
dynamically regulate actin structures required for cell mo-
tility. The exact signaling pathway involved in the coordi-
nation between CAP and FLNc in modulating adhesion-
mediated cytoskeleton rearrangement requires further
study.

We propose a model in which CAP operates as a bifunc-
tional adapter protein that binds to both filamin via N-terminal
sequences, and cell adhesion proteins such as vinculin and
paxillin via its C-terminal SH3 domains. Therefore, CAP may
be able to reorganize the actin cytoskeleton by bringing
filamin cross-linked actin to cell–ECM adhesion sites. In
muscle cells, costameres contain two separate but synergistic
cell—ECM-interacting complexes: the DGC and the vincu-
lin–talin–integrin anchorage system (Anastasi et al., 2003,
2004). FLNc was initially identified as a binding partner of �-
and �-sarcoglycans in the DGC complex (Thompson et al.,
2000). In mdx mice, where the dystroglycan-associated pro-
tein dystrophin is deleted, the whole DGC complex is de-
stabilized and degraded (Ervasti and Campbell, 1991;
Ohlendieck and Campbell, 1991). Interestingly, membrane
associated FLNc is greatly increased in mdx muscles despite
an 80% decrease of sarcoglycans, suggesting another inter-
action/signal that regulates the localization of FLNc on the
membrane.

Identification of the interaction between CAP and FLNc
could potentially function as this second link of FLNc to the

Figure 7. Effects of CAP and FLNc on actin reorganization. (A)
Overexpression of CAP and FLNc induces actin network formation.
COS-1 cells were transfected with myc-CAP and HA-FLNc and
costained with phalloidin (green), anti-myc (red), and anti-HA
(blue) antibodies. (B) CAP induced redistribution of FLNc to deter-
gent-insoluble structures. COS-1 cells were transfected with empty
vector or myc-CAP. Triton-soluble (TS) and -insoluble (TIS) frac-
tions were separated as described in Materials and Methods. Equal
amount of proteins were loaded on a SDS–PAGE gel, and the levels
of FLNc in each fraction were detected by Western blot. Actin was
used as a loading control.

Figure 8. Overexpression of CAP inhibits FLNc induced cell
spreading on fibronectin. COS-1 cells were transfected with GFP
control, HA-FLNc, GFP-CAP, or both. Cells were then plated on
fibronectin-coated plates for indicated time and photographed. A
representative field of each time points was shown (A), and the
percentage of spread cells was calculated from five fields (B). More
than 90% of cells were transfected when examined by GFP fluores-
cence and HA staining of an aliquot of the cells (data not shown).
Results represent one of three experiments. The data represent
mean � SE. *p �0.05, compared with GFP; #p �0.02, compared with
HA-FLNc.

M. Zhang et al.

Molecular Biology of the Cell4738



plasma membrane. CAP is a component of the integrin–focal
adhesion complex through its binding to vinculin. Our data
demonstrate that FLNc is recruited to cell–ECM adhesions
by overexpression of CAP. Moreover, membrane staining of
CAP is significantly increased in mdx muscles, suggesting
that CAP may be responsible for the elevated FLNc on the
membrane. Previous studies have shown an increase of
�7�1 integrin in DMD patients and mdx mice, and overex-
pression of �7�1 integrin may compensate for the absence of
the DGC complex and reduce the development of severe
muscle disease in transgenic mice (Hodges et al., 1997;
Burkin et al., 2001). By recruiting FLNc to the integrin–
vinculin complex, CAP may function as an additional link
that brings the myofibril cytoskeleton to the sarcolemma.

Another interesting finding from this study is that CAP is
highly expressed in oxidative muscle fibers. Skeletal fibers
are generally classified into type I and type II species that
display marked differences in contraction, endurance, and
metabolism. Type I fibers are rich in mitochondria that
provide a slow but stable and long-lasting supply of ATP via
oxidative metabolism. While type IIb fibers have the lowest
content of mitochondria, these muscles have high levels of
glycolytic enzymes, providing a rapid source of ATP inde-
pendent of oxygen; therefore, they are more susceptible to
fatigue. The metabolic and contractile properties of type IIa
and IIx fibers lie in between. The expression of the CAP gene
is transcriptionally induced by peroxisome proliferator-acti-
vated receptor (PPAR�) activators (Ribon et al., 1998a; Bau-
mann et al., 2000a). Interestingly, both PPAR� and its coac-
tivator PGC-1� induce a type I gene expression profile and
a transition of muscle fibers from type IIb to type IIa and
type I in transgenic mice (Lin et al., 2002; Wang et al., 2004).
Moreover, PGC-1� drives the formation of oxidative IIx
fibers (Arany et al., 2007). Therefore, the transcriptional reg-
ulation by PPAR� may account for the enriched expression
of CAP in type I and IIa oxidative fibers, consistent with a
role for CAP in the regulation of insulin-mediated glucose
metabolism (Baumann et al., 2000b; Lesniewski et al., 2007).
Interestingly, fiber type analyses in mdx mice have shown
that the diaphragm muscle in these mice responds to pro-
gressive degeneration with a transition to a slower twitch
phenotype. By 24 mo, there was a sevenfold increase in the
slow twitch type I fiber and the type IIb/x fibers were almost
gone in the mdx diaphragm. These changes were associated
with reduced power output and marked increase in muscle
endurance, both of which help to preserve the contractility
and survival of the muscles (Petrof et al., 1993). Therefore,
the enrichment of CAP in oxidative muscles and the in-
creased expression and membrane localization in mdx mus-
cles suggest that CAP may provide a link between the
regulation of muscle structural integrity and metabolism
that together contribute to the endurance and strength of
skeletal muscle.

In summary, the identification of the interaction between
CAP and filamin C furthers our understanding of the com-
position and regulation of membrane linkage complexes in
skeletal muscle. Increased expression of CAP during myo-
tube formation and its function in the regulation of FLNc
localization and actin rearrangement suggest a dynamic role
of CAP in the formation and maintenance of muscle struc-
tural integrity under normal and disease conditions. Further
studies on the potential involvement of CAP in various
myopathies may help us to better understand the underly-
ing molecular mechanisms and contribute to novel ap-
proaches for treatment.
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