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Abstract

Costameres are sub-membranous, Z-line associated structures found in striated muscle. They have
been shown to have important roles in transmission of force from the sarcomere to the sarcolemma
and extracellular matrix, maintaining mechanical integrity of the sarcolemma, and orchestrating
mechanically related signaling. The costamere is akin to the more well-known focal adhesion
complex present in most cells. The Z-line is a critical structural anchor for the sarcomere, but it is
also a hot-spot for muscle cell signaling. Therefore functionally, the costamere represents a two-
way signaling highway tethered between the Z-line and the extracellular matrix, relaying
mechanical stress signals from outside the cell to intracellular signaling networks. In this role it
can modulate myofibril growth and contraction. The major force generated by sarcomeres is
transduced in the lateral direction from the sarcomere to the extracellular matrix through the
costamere.

Two major protein complexes have been described at the costamere: the dystrophin—glycoprotein
complex and the integrin—vinculin—talin complex. The importance of these two protein complexes
in striated muscle function has between demonstrated both in human disease and mouse models.
Members of the dystrophin glycoprotein complex and integrins have both been reported to interact
directly with filamin-C, thus linking costameric complexes with those present at the Z-line.
Moreover, studies from our labs and others have shown that the Z-line proteins belonging to the
PDZ-LIM domain protein family, enigma homolog (ENH) and cypher, may directly or indirectly
be involved in this linkage. The following review will focus on the protein components of this
linkage, their function in force transmission, and how the dysfunction or loss of proteins within
these complexes contributes to muscular disease.
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1. Introduction

The mechanical force we use to move our bodies is generated by the contraction of skeletal
muscle fibers, while at the same time our hearts keep pumping blood through our circulatory
system by way of cardiac muscle contraction. At the ultrastructural level, the force necessary
for both cardiac and skeletal muscle contraction is generated by the shortening of individual
sarcomeres. Force transmission in muscle can occur either parallel to or lateral to the long
axis of the sarcomere [1]. In the longitudinal direction, force is transduced from one
sarcomere to the next within the same fiber until the end of fiber is reached. Perpendicular,
or lateral force transmission, allows for transduction from one myofibril to a neighboring
myofibril until it reaches the costameric complex which channels the intracellular force
across the sarcolemma to the extracellular matrix (ECM). Recent experiments have shown
that longitudinal force transmission accounts for only 20— 30% of force generated by
sarcomeres, indicating that the major force vector occurs laterally within striated musclel.
This suggests that the location of the costamere makes it critical for its central role in force
transmission. Moreover, signals which produce physiological or pathological growth of
myocytes following alterations of mechanical load are received by the cellular membrane
and subsequently transmitted to subcellular domains including costameres [2,3]. As
evidence of the importance of the costamere in muscle function, recent data has linked
mutations in a large number of costameric proteins to cardiomyopathy or myofibrillar
myopathy in humans and mice [4-9]. This review will provide detailed information
regarding the communi-cation of mechanical forces and signals from the sarcomere to the
ECM, through this important submembranous structure, the costamere.

2. The Z-line and cardiomyopathy

Cardiomyopathy is a general term used to describe heart disease caused by any cardiac
muscle defect. Hypertrophic, dilated, and restrictive cardiomyopathies are the major forms
of cardiomyopathy. Mutations in sarcomeric and cytoskeletal proteins have been linked to
all types of cardiomyopathies in both humans and mice. This review will focus primarily on
cardiomyopathies associated with the Z-line and costameric proteins. A detailed description
of all sarcomeric/cytoskeletal-linked cardiomyopathies is outside the scope of the current
review article, but we refer the reader to some recent review papers on this topic [4-9] (Fig.
1).

The sarcomere is the basic structural unit of striated muscle [10]. There are three major
components important for proper functioning of the contractile machinery of the sarcomere:
the thick filament, the thin filament, and titin. The thick filament is composed of myosin and
other accessory proteins, such as myosin binding protein C (MyBPc). The thin filament is
assembled mainly from actin monomers, though other proteins such as troponin and
tropomyosin are also essential for this system. The thin filaments connect to the Z-line
which constitutes the border between two sarcomeres [11,12]. The giant protein titin crosses
from Z-line to M-line and functions as a spring and ruler for the contractile apparatus. Titin
is associated with another large protein, nebulin in skeletal muscle [13].

When viewed by electron microscopy (EM), the Z-line, also referred to as the Z-band or Z-
disc, appears as an electron dense structure due to its multiple highly ordered protein
complexes. Recent research has shown the Z-line is not only a structural anchor responsible
for transmitting force between sarcomeres during muscular contraction, but is also a hot-spot
for cellular signaling [14,15]. Moreover, the Z-line connects myofibrils to the sarcolemmal
membrane via the costamere and ultimately transmits information to or from the ECM [16—
18]. A large number of Z-line, Z-line associated, and costameric proteins have been
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identified and mutations in many of these have been linked to cardiac and skeletal
myopathies in humans and mice [4,6,17,19]. One such protein is cypher.

Cypher is a member of the PDZ-LIM domain protein family [20,21]. It localizes to the Z-
line through direct protein interactions with proteins such as a-actinin, calsarcin, and
myotilin [20,22,23]. Through generation of several cyphergene targeted mouse lines, we
have shown cypher is essential for the integrity of Z-line structure [21,22,24]. In man, the
cyphergene is also known as Z-band alternatively spliced PDZ-motif protein, ZASP. As an
extension of the data obtained from the various mouse models, more than sixteen ZASP
mutations have been associated with cardiomyopathy or myofibril myopathy. The disease
associated with these mutations has been termed ZASPopathy or ZASP-related myofibril
myopathy [17,25-29]. However, the mechanism by which cypher mutations lead to cardio-
or skeletal-myopathies is still unclear [5,30].

Similar to cypher, another member of PDZ-LIM domain protein family, enigma homolog
protein (ENH) (also called PDZ and LIM domain 5 protein, PDLIM5), also localizes to the
Z-line [31-33]. Recently, we showed ENH forms a protein complex at Z-lines with
calsarcin-1 and cypher, and that this complex is destabilized in ENH-null mouse hearts
[34,35]. Loss of the ENH-cypher-calsarcin protein complex further disturbed costameric
protein complexes as shown by the compensatory increased expression of both integrin and
members of dystrophin—glycoprotein complex. In the future, it will be very interesting to see
if mutations in ENH are associated with human cardiomyopathies.

3. Costamere and cardiomyopathy

The costamere is a submembranous structure in striated muscle, composed of two major
protein complexes: the dystrophin—glycoprotein complex and the integrin-vinculin-talin
complex. It has characteristics of the focal adhesion of other cell types [36]. The costamere
was originally described as an “orthogonal lattice” using immunofluorescence images of
skeletal muscle which had been stained with an antibody specific for the focal-adhesion
protein, vinculin [36]. Since their discovery, numerous proteins have been found to localize
to the costamere [16]. In general, costameres are thought to serve a mechanical role by
transmitting forces bidirectionally from the sarcomere to the sarcolemma. They also act as
important sites of cellular signaling transmitting signals from the extracellular environment
to intracellular signaling networks (outside-in signaling) [37] while also functioning to
transmit signals to the extracellular environment from inside the cell (inside-out signaling)
[38]. Moreover, costameric proteins such as the dystrophin-glycoprotein complex are
thought to have an important role in maintaining the structural integrity of the sarcolemma
during muscular contraction.

4. The dystrophin-glycoprotein complex

Integral and peripheral membrane proteins of the dystrophin—glycoprotein complex, or
DGC, function to provide a physical linkage across the muscle membrane to connect the
ECM with the F-actinbased cytoskeleton [39,40]. The proteins classified as core components
of the DGC include dystrophin, the sarcoglycans, sarcospan, dystroglycan, and syntrophin
[41-45]. Laminin in the ECM binds to a-dystroglycan, a peripheral membrane protein
located on the extracellular face of the sarcolemma [46]. In addition to its interaction with p-
dystroglycan, a-dystroglycan is stabilized at the membrane by the sarcoglycan-sarcospan
subcomplex [47]. Dystrophin binds both actin and B-dystroglycan thus anchoring the
transmembrane components of the DGC to the cytoskeleton [48-50]. The sarcoglycan
subcomplex is comprised of four single-pass transmembrane glycoproteins, referred to as a-,
B- y-, and d-sarcoglycans [51]. Sarcospan, a tetraspan-like protein, forms a tight subcomplex
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with the sarcoglycans and together the sarcoglycan-sarcospan subcomplex serves to stabilize
a-dystroglycan's association with the p-dystroglycan [39,52,53].

Loss of DGC core components alters the structural integrity of the sarcolemma, resulting in
progressive contraction induced damage. Skeletal- and cardio-myopathies associated with
mutations in core DGC components and DGC associated proteins, underscore the
importance of maintaining stable protein-protein interactions within this complex. Duchenne
muscular dystrophy is caused by mutations in the dystrophin gene resulting in progressive
muscle wasting and eventually can result in cardiac and/or respiratory failure [54,55]. Loss
of functional dystrophin results in destabilization of the other DGC components and
ultimately alters the sarcolemmal localization of the entire complex. In addition to mutations
in the dystrophin protein, its proteolytic cleavage by enteroviral protease 2A, has been
implicated in the pathophysiology of viral myocarditis [56]. Also, the absence of dystrophin
from muscle cells increases sarcolemmal permeability and subsequent susceptibility to viral
infection [57]. These findings further underscore the importance of this protein in the
cardiovascular system. Autosomal recessive limb-girdle muscular dystrophy types 2D-2F
are caused by primary mutations in a-, -, y-, and 6-sarcoglycans genes, respectively [51].
Genetic mutation of any one of the sarcoglycans generally results in loss of the entire
sarcoglycan-sarcospan subcomplex, destabilization of a-dystroglycan from the sarcolemma,
and contraction induced damage to the myofiber [47,52]. The genetic and acquired disorders
caused by disruption of members of the dystrophin—glycoprotein complex highlight the
importance of this complex in maintaining the structural integrity of both skeletal and
cardiac muscle.

In addition to the core components of the DGC, abundant DGC-associated proteins have
been discovered based on immunofloures-cence colocalization, co-immunoprecipitation, and
in vitro binding assays. A growing number of these proteins localize to the costamere and Z-
disk. One such Z-disk protein, filamin-C, has been shown to directly interact with both 3-
and -y-sarcoglycan [58]. Similar to dystrophin, filamin-C is an actin-binding protein which
has been shown to interact with many muscle proteins involved in muscular dystrophies.
Mutations discovered in filamin-C have also been linked to myofibrillar myopathy in
patients [59-61]. Disruption of filamin-C in mice results in respiratory failure and death
shortly after birth with notable defects in myogenesis [62]. Although filamin-C has been
shown to directly interact with myotilin, 6- and y-sarcoglycans, and myozenin, localization
of these proteins is rarely altered in the absence of filamin-C thus indicating localization of
these costameric and Z-disk proteins is independent of their interaction with filamin-C. The
number of DGC associated proteins, including filamin-C, which are important for
maintaining myofibrillar structure is increasing rapidly and we are only beginning to
understand the importance of many of these interactions.

5. Integrin-vinculin-talin complex

The second major complex present at the costamere in striated muscle is the integrin-
vinculin-talin complex. Both vinculin and talin are cytoskeletal proteins which are tethered
at the costamere through their interaction with integrin. As mentioned above, it was the
staining pattern of the focal adhesion marker vinculin in skeletal muscle, which first defined
the costamere in striated muscle [36]. While costameres appear as doublets flanking the Z-
line in skeletal muscle cells [36], in cardiomyocytes they lie directly above the Z-line
therefore giving the appearance of a single band [63]. Since the initial characterization of
vinculin, many studies have been conducted analyzing the function of this protein in striated
muscle. It has been demonstrated that vinculin and vinculin-containing complexes are
essential for the normal hemodynamic stress response of heart. Mice with global ablation of
the vinculin gene died by embryonic day 10, while work by our group showed that
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heterozygous vinculin knockout mice survived to adulthood and were basally normal but
were more susceptible to mechanically-mediated dysfunction, such as that produced by
pressure overload of the left ventricle [64,65]. Furthermore, when we constructed mice with
cardiomyocyte-specific deletion of the vinculin gene, they displayed a dilated
cardiomyopathy with conduction defects developing in early adulthood without provocation
[66]. In humans, patients with both dilated and hypertrophic cardiomyopathy were found to
have mutations in the vinculin muscle-specific isoform, metavinculin [67]. Together these
data support that vinculin is important for normal heart function.

Integrins are glycosylated, heterodimeric, transmembrane proteins which function as
bidirectional signal transducers within the cell membrane [68]. In eukaryotic organisms,
there are eighteen a- and eight B-integrin subunits which non-covalently heterodimerize to
form twenty-four distinct integrin complexes [68]. The extracellular domains of integrin
complexes interact with ligands present in the ECM while their short cytoplasmic tails
interact with actin associated adaptor proteins, such as talin, vinculin, and kindlin. Similar to
the DGC, integrins have also been shown to interact directly with Z-disk proteins such as
filamin-C [69]. Since integrins do not themselves possess kinase activity, they signal
through several downstream cytoplasmic kinases. These include focal adhesion kinase
(FAK) as well as integrin-linked kinase (ILK) [68,70,71]. Thus, integrin complexes are
poised to serve as critical mediators for a variety of cellular processes including cell
adhesion, migration, and survival.

The function of integrin complexes in striated muscle, specifically in the myocyte, has been
analyzed by several groups using both /in vitro [72] and in vivo [72-74] studies. In adult
cardiomyocytes, a7p1 heterodimers are dominantly expressed. In the developing
myocardium, a531 and a6f1 are also expressed [75]. /n vivo analysis revealed global
deletion of the B1-integrin in mice resulted in lethality shortly after implantation [76,77],
while our own work showed cardiac-specific deletion of B1-integrin lead to the development
of dilated cardiomyopathy and a marked increase in DGC protein expression [78].
Interestingly, cardiac-specific ablation of B1-integrin in dystrophin-deficient (/max) mice
leads to female peri- and postpartum mice having increased mortality with increased
myocardial necrosis, fibrosis, and calcification [79].

As mentioned above, integrins transduce signals through a range of signaling molecules,
including FAK and ILK. In addition to its interaction with integrin, ILK has been shown to
interact with pinch and parvin to form the important ILK-pinch-parvin (IPP) protein
complex [80]. The importance of this complex is evident in the numerous mouse models
which have been developed. ILK global knockout mice die around the time of implantation
[81], similar to the global f1-integrin KO mice. In addition, cardiac-specific ablation of ILK
causes dilated cardiomyopathy and sudden death [82]. In contrast, cardiac-restricted
transgenic overexpression of ILK induces hypertrophy [83]. In our laboratory, we have
demonstrated that pinchl is essential for embryonic development, and in cardiomyocytes,
the function of pinchl and pinch2 are redundant but indispensable for the structure of
costamere [84-87].

Another important integrin-associated kinase is FAK. Several mouse models have been used
to analyze the function of FAK [88-94]. Global ablation of FAK results in early embryonic
lethality [95]. When cardiac-specific ablation of FAK was accomplished using either a
myosin light chain-2a (MLC2a) or a Nxk2.5 Cre-recombinase, mice displayed early
embryonic lethality marked by thin ventricular walls and ventricular septal defects (MLC-2a
Cre) or perinatal mortality with subaortic VSDs and outflow tract malalignment (Nkx2.5
Cre) [89,92]. In contrast, when ablation was effected with Cre-recombinase producing mice
which caused later or less potent gene excision, mice were liveborn but had impaired
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responses to hemodynamic loading or eccentric hypertrophy when stimulated by angiotensin
I1[88,92].

6. ENH-cypher-calsarcin protein complex

Recently, our laboratory has characterized a newly emerging Z-line protein complex which
may directly interact with the costamere: the ENH-cypher-calsarcin protein complex. In
order to examine the function of ENH, we generated both global and cardiac-specific ENH
knockout mouse models. Both of these mouse models developed dilated cardiomyopathy
and were associated with widening of the Z-disk. Because of the disruption of the Z-disk, we
began analyzing closely associated Z-disk proteins. In wild-type muscle, we found ENH is
associated with cypher and calsarcin. Notably, the short and long cypher isoforms were
present in different protein complexes and are thus differentially altered upon ENH
disruption. The short cypher isoform was found to be associated with ENH and calsarcin
while the long cypher isoform was found to be associated with myotilin. While the protein
expression of the short cypher isoform and calsarcin was decreased in ENH-null mice, the
expression of the long cypher isoform and myotilin were increased [34]. Calsarcin interacts
with filamin-C [69], which has been shown interacts with integrin [69] and with both -y and
0 sarcoglycan [58]. Thus, the ENH-cypher-calsarcin complex at the Z-line is likely to play
an important role in linking the Z-line to the extracellular matrix via filamin-C. The
observed up-regulation of filamin-C, members of the DGC, and integrin in ENH mutants are
likely a consequence of a compensatory mechanism due to disruption of the connection
between the Z-line and the extracellular matrix [34].

Interestingly, Jani and Schock showed disruption of dZASP, the only Drosophila Alp/
Enigma PDZ-LIM domain protein, depletes integrin adhesion sites [96]. In addition, they
showed dZASP co-localizes with integrins in Drosophila tissues and directly binds to a-
actinin. Most recently, Rui and his colleagues found that in Drosophila dZASP, similar to
integrin, is highly enriched at muscle attachment sites where they serve as tension sensors
between the sarcolemma and the sarcomere [97]. Fly larvae lacking functional dZASP do
not form Z-lines or successfully recruit a-actinin to the Z-line. This phenotype is similar to
that the phenotype that of integrin-deficient flies [96]. While this data does not show a direct
interaction between integrin and dZASP, it does implicate both integrin and ZASP as crucial
mediators for maintaining muscle integrity. Only future experiments will be able to
determine if there is indeed a direct interaction between integrin and members of the PDZ-
LIM domain family.

7. Perspectives

Continuing advances in the identification and characterization of Z-line and/or costameric
proteins is increasing our knowledge of the importance of force and signal transmission
between the sarcomere, sarcolemma, and the ECM. In this review, we have highlighted the
critical roles of Z-line and costamere-associated protein complexes. Future experiments will
focus on understanding the role of the growing number of known and yet unidentified Z-line
and costamere-associated proteins in myofibrillogenesis, muscle function, and disease.
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Fig. 1.

Costameric proteins associated with Z-lines. Dystrophin glycoprotein complex and integrin—
vinculin—talin complex are two major costameric protein complexes. Members of the
dystrophin glycoprotein complex and integrin were reported to directly interact with protein
components at the Z-line, such as filamin-C. Filamin-C (y-filamin, filamin2) physically links
the costamere and the sarcomere by interacting with two major costameric protein
complexes: the sarcoglycans in the dystrophin glycoprotein complex and integrin. In
addition, filamin-C interacts with the Z-line proteins calsarcin-1 and myotilin. Vinculin, the
founding member of the costamere, interacts with multiple proteins including talin, paxillin,
and a-actinin. Integrin interacts with the ILK-pinch-parvin complex and FAK. Dystrophin
binds to ankyrin B and G, which are essential to organize the dystrophin and dystroglycan
complex. Titin is the largest known protein and crosses longitudinally from the Z-line to the
M-line. The N-terminus of titin at the Z-line binds to ankyrin. Not all costameric proteins or
Z-line proteins are illustrated in this figure for simplicity. Key proteins are shown to
highlight the bridges between the sarcomere and the costamere.
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