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Abstract. 

 

Mutations in genes encoding for the sar-
coglycans, a subset of proteins within the dystrophin–
glycoprotein complex, produce a limb-girdle muscular 
dystrophy phenotype; however, the precise role of this 
group of proteins in the skeletal muscle is not known. 
To understand the role of the sarcoglycan complex, we 
looked for sarcoglycan interacting proteins with the 
hope of finding novel members of the dystrophin–gly-
coprotein complex. Using the yeast two-hybrid method, 
we have identified a skeletal muscle-specific form of
filamin, which we term filamin 2 (FLN2), as a 

 

g

 

- and

 

d

 

-sarcoglycan interacting protein. In addition, we dem-
onstrate that FLN2 protein localization in limb-girdle 
muscular dystrophy and Duchenne muscular dystrophy 

patients and mice is altered when compared with unaf-
fected individuals. Previous studies of filamin family 
members have determined that these proteins are in-
volved in actin reorganization and signal transduction 
cascades associated with cell migration, adhesion, dif-
ferentiation, force transduction, and survival. Specifi-
cally, filamin proteins have been found essential in 
maintaining membrane integrity during force applica-
tion. The finding that FLN2 interacts with the sarcogly-
cans introduces new implications for the pathogenesis 
of muscular dystrophy.
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Introduction

 

The muscular dystrophies are a genetically heterogeneous
group of disorders that affect muscle membrane integrity,
resulting in a loss of muscle function. The most common
form of muscular dystrophy is caused by abnormalities in
dystrophin, the protein product of the duchenne muscular
dystrophy (DMD)

 

1

 

 gene (Hoffman et al., 1987). Dystro-
phin is a large subsarcolemmal, actin-binding protein asso-
ciated with a complex of sarcolemmal and cytoskeletal
proteins known as the dystrophin–glycoprotein complex
(DGC) (Yoshida and Ozawa, 1990; Ervasti and Campbell,
1991). DGC can be separated into three subcomplexes:
(1) dystroglycan, (2) dystrobrevin–syntrophin, and (3) sar-
coglycan complexes, which together are believed to confer
structural support by providing a link between the extra-

cellular matrix (ECM) and the actin cytoskeleton (Camp-
bell and Kahl, 1989; Yoshida and Ozawa, 1990; Ervasti
and Campbell, 1993; Yoshida et al., 1994).

The pathogenic mechanism by which the muscular dys-
trophy phenotype arises remains poorly understood. As
new genes associated with this group of disorders are
discovered, the complexity of proposed mechanisms in-
creases. This phenomenon is best seen in the various limb-
girdle muscular dystrophies (LGMDs). Here, positional
cloning and candidate gene approaches have shown that at
least 14 different genetically defined disorders are re-
sponsible for the LGMD phenotype. This list includes the

 

following: sarcoglycans (

 

a

 

, 

 

b

 

, 

 

g

 

, and 

 

d

 

), 

 

a

 

7 integrin, the
calcium-dependent protease calpain-3, caveolin-3, and
dysferlin (Roberds et al., 1994; Bonnemann et al., 1995;
Lim et al., 1995; Noguchi et al., 1995; Richard et al.,

 

1995; Nigro et al., 1996; Mayer et al., 1997; Bashir et
al., 1998; Hayashi et al., 1998; Liu et al., 1998; McNally
et al., 1998; Minetti et al., 1998). Originally, it was be-
lieved that dystrophin and the dystroglycan complex
had merely a structural role in skeletal muscle by anchor-
ing muscle cells to the ECM, which would involve a more
stationary process. Although some proteins involved in
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Abbreviations used in this paper:

 

 CoIP, coimmunoprecipitate; DGC,
dystrophin–glycoprotein complex; DMD, Duchenne muscular dystrophy;
ECM, extracellular matrix; EST, expressed sequence tag; IMF, immuno-
fluorescence; FLN2, filamin 2; GP, glycoprotein; LGMD, limb-girdle mus-
cular dystrophy.
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the dystrophic process do provide structural support, the
majority of proteins associated with the phenotype are
involved in signal transduction cascades. For example,
the 

 

a

 

7 integrin subunit belongs to a family of transmem-
brane receptor proteins known to modulate gene expres-
sion specific for cell migration, adhesion, or prevention
of apoptosis (Yamada and Miyamoto, 1995; Giancotti
and Ruoslahti, 1999). M-calpain has been implicated in
regulating actin-myosin filament formation, and calpains,
in general, are thought to regulate transcription factors’
entry into the nucleus by cleavage (Kwak et al., 1993b;
Sorimachi et al., 1997; Baghdiguian et al., 1999). The ca-
veolins (types 1, 2, and 3) form vesicular invaginations
termed caveolae within the plasma membrane on which
preassembled signaling complexes are organized (Oka-
moto et al., 1998). With the cloning of these genes, it has
become evident that the process of maintaining muscle
fiber integrity is dynamic and not simply a static, struc-
tural process. The remaining proteins, including the
sarcoglycans, have no known function and intensive re-
search is being done to unravel their roles in the mainte-
nance of muscle fiber integrity.

Some clues as to the function of the sarcoglycans can be
gained through biochemical analysis. Coimmunoprecipita-
tion and chemical cross-linking studies in the skeletal mus-
cle have demonstrated the close physical association be-
tween members of the sarcoglycan complex by showing
that 

 

b

 

-, 

 

g

 

-, 

 

d

 

-, and to a lesser extent, 

 

a

 

-sarcoglycan are
tightly connected with one another (Chan et al., 1998).
Further evidence for this association is seen through im-
munofluorescence (IMF) studies using skeletal muscle
sections from sarcoglycanopathy patients and staining for
various sarcoglycans. These experiments reveal a reduc-
tion or complete absence of all four sarcoglycan proteins
at the sarcolemmal membrane, suggesting that a mutation
in any one sarcoglycan can create a secondary instability
of the entire sarcoglycan complex. Interestingly, although
mutations in dystrophin and the sarcoglycans produce a
similar phenotype, dystrophin staining in the sarcoglycan-
opathies is either normal or only slightly reduced, indicat-
ing that the selective loss of the sarcoglycan complex is
sufficient to cause muscular dystrophy (McNally et al.,
1996; Hack et al., 1998; Araishi et al., 1999).

To further study the sarcoglycan complex and the role it
plays in maintaining muscle fiber integrity, we looked for
interacting proteins with the hope of finding additional
clues as to the function of the sarcoglycan complex. Using
the yeast two-hybrid system, we tested the intracellular
domains of 

 

a

 

-, 

 

b

 

-, 

 

g

 

- and 

 

d

 

-sarcoglycans. From these li-
brary screens, we identified a skeletal and cardiac muscle
filamin (filamin 2; FLN2) as a 

 

g

 

-sarcoglycan interacting
protein, and confirmed this interaction using in vivo coim-
munoprecipitation experiments and in vitro protein as-
says. In addition to binding 

 

g

 

-sarcoglycan, we determined
that this protein also binds 

 

d

 

-sarcoglycan but not 

 

a

 

- or

 

b

 

-sarcoglycans. Through EM studies, FLN2 appears to be
located both at the Z-line and the sarcolemmal membrane
in skeletal muscle, indicating that a subpopulation of this
protein colocalizes with the DGC. Patients with muta-
tions in 

 

g

 

-sarcoglycan, 

 

d

 

-sarcoglycan, or dystrophin show
an increase of FLN2 content at the plasma membrane
compared with normal individuals and, interestingly, pa-

 

tients with general myopathy appear to have normal FLN2
staining.

Filamin proteins have been implicated as signal trans-
ducers in several systems and, therefore, might aid in the
maintenance of skeletal muscle by regulating and/or pro-
tecting the muscle during the process of muscle contrac-
tion. The identification of filamin as a sarcoglycan inter-
acting protein strengthens the idea that the DGC does not
merely function as structural support, but rather that this
group of proteins has an active role (i.e., signaling role) in
maintaining the skeletal muscle.

 

Materials and Methods

 

Two-Hybrid Library Screening

 

The cytoplasmic tails of 

 

a

 

- (amino acids 312–387), 

 

b

 

- (amino acids 1–62),

 

g

 

- (amino acids 1–38), and 

 

d

 

-sarcoglycan (amino acids 1–35) were ampli-
fied by reverse transcriptase–PCR from human skeletal muscle total RNA
with primers containing EcoRI linkers, and inserted downstream of the
Gal4 DNA-binding domain in the (bait) vector pGBT9 (CLONTECH
Laboratories). The resulting clones were sequenced and found to be in-
frame with the yeast GAL4 DNA-binding domain.

A CLONTECH yeast two-hybrid cDNA library derived from the hu-
man skeletal muscle, inserted downstream of the Gal4 activation domain
in the vector pGAD, was screened using the yeast two-hybrid protocol
(MATCHMAKER-1 system; CLONTECH Laboratories). In brief, 

 

Sac-
charomyces cerevisiae

 

 strain HF7C was cotransformed with either library
DNA plus a sarcoglycan bait vector or sequentially transformed with bait
vector followed by library DNA. The HF7C strain contains two reporter
genes, 

 

HIS3

 

 and 

 

LacZ

 

, which allow for the selection of library cDNAs en-
coding proteins that interact with the intracellular portion of the sarcogly-
cans. Transformants were plated onto SD/Trp

 

2

 

/Leu

 

2

 

/His

 

2

 

 plates and in-
cubated at 30

 

8

 

C until colonies appeared (

 

z

 

5 d). Colonies able to grow on
minimal plates were screened for 

 

b

 

-galactosidase activity using a filter-lift
assay. Yeast DNA isolated from colonies positive for 

 

b

 

-galactosidase ac-
tivity was used to electroporate 

 

Escherichia

 

 

 

coli 

 

to recover the interacting
cDNA. To eliminate false positive colonies, plasmid DNA from the

 

b

 

-galactosidase–positive clones was reintroduced into yeast with either
the sarcoglycan/pGBT9 bait vector, pGBT9 alone, or a control vector p53/
pGBT9.

 

Full-length FLN2 cDNA Cloning, DNA Sequencing, 
and Analysis

 

Sequence from a 

 

g

 

-sarcoglycan interacting clone, 2-14, was used to screen
a human skeletal muscle cDNA library (CLONTECH Laboratories) in
conjunction with two express sequence tags (ESTs) previously reported to
be muscle-specific forms of 

 

FLN1

 

 (GenBank accession numbers X70083
and X70084). The probes for X70083 and X70084 were obtained using
primers designed for the GenBank sequences to amplify cDNA from re-
verse transcribed human skeletal muscle RNA. Of 10

 

6

 

 recombinant phage
screened, 

 

z

 

200 phage clones hybridized with the presumed 

 

FLN2

 

 probes.
40 randomly picked phage clones were used to plaque purify and obtain
DNA. Phage inserts were subcloned into the EcoRI site of the pZERO1.1
vector (Invitrogen Corp.) for further characterization. Nine clones were
chosen for sequencing because of their large insert size.

All pGBT9 and pZERO1.1 subclones were sequenced from both DNA
strands using vector primers. An additional sequence on larger inserts was
obtained by designing primers to the previously obtained sequence. The
sequence was analyzed on either an ABI 373 or 377 automated sequencer
with fluorescent dye terminator chemistry (Applied Biosystems). Se-
quences were assembled using Sequencher™ 3.1 software (Genecodes).
Subsequent amino acid prediction analysis was performed using MacVec-
tor™ software (Oxford Molecular Group) and the GAP program within
the GCG database. In addition, the BLAST computer program was used
to search the GenBank database for ESTs and sequence-tagged sites con-
taining sequences similar to those in the 2-14 cDNA clone.

 

Preparation of Cell Lysates and Immunoprecipitation

 

Whole cell lysates and immunoprecipitation experiments were performed
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