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Abstract

Cardiac and skeletal striated muscles are intricately designed machines responsible for muscle 

contraction. Coordination of the basic contractile unit, the sarcomere, and the complex cytoskeletal 

networks are critical for contractile activity. The sarcomere is comprised of precisely organized 

individual filament systems that include thin (actin), thick (myosin), titin, and nebulin. Connecting 

the sarcomere to other organelles (e.g., mitochondria and nucleus) and serving as the scaffold to 

maintain cellular integrity are the intermediate filaments. The costamere, on the other hand, tethers 

the sarcomere to the cell membrane. Unique structures like the intercalated disc in cardiac muscle 

and the myotendinous junction in skeletal muscle help synchronize and transmit force. Intense 

investigation has been done on many of the proteins that make up these cytoskeletal assemblies. 

Yet the details of their function and how they interconnect have just started to be elucidated. A vast 

number of human myopathies are contributed to mutations in muscle proteins; thus understanding 

their basic function provides a mechanistic understanding of muscle disorders. In this review, we 

highlight the components of striated muscle with respect to their interactions, signaling pathways, 

functions, and connections to disease.

Introduction

The cardiac and skeletal striated muscle cytoskeleton is complex, yet intricately organized to 

coordinate muscle contraction. Numerous cytoskeletal assemblies are present within each 

muscle cell. For example, in striated muscle, the basic unit of contraction is the sarcomere, 

comprised of a plethora of structural and regulatory proteins. Intermediate filaments serve as 

a scaffold that connects the sarcomere to other organelles (such as mitochondria or the 

nucleus) to maintain cellular integrity and to contribute to mechanotransduction. The 

sarcomere is tethered to the sarcolemma, the membrane surrounding the myofibril by 

another cytoskeletal assembly—the costamere. Costameres link the sarcomere to the 

sarcolemma via the Z-disc and M-band. Individual heart cells are connected by intercalated 

discs, which synchronize muscle contraction. Skeletal muscle has a specialized structure to 

transmit force from the sarcomere to the connective tissue of the tendon, referred to as the 
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myotendinous junction. Coordinated action of all the cytoskeletal assemblies is crucial to 

produce proper contractile function; thereby, disruption in the integrity of any component 

can often result in cardiac or skeletal myopathies.

A critical key to the pathogenesis of cardiomyopathies was described with the first direct, 

causal link between mutations in cytoskeletal sarcomeric genes and the development of 

hypertrophic cardiomyopathy (HCM) and dilated cardiomyopathy (DCM) as well as 

restrictive cardiomyopathy (RCM), left ventricular noncompaction, and arrhythmogenic 

right ventricular cardiomyopathy (ARVC). Since then, thousands of mutations have been 

identified with state-of-the-art genetic testing to be potentially associated with HCM and 

DCM [for recent reviews see (268,397)]. In fact, mutations are identified in 50% of 

cardiomyopathy patients but few are verified as direct, bona-fide disease-causing mutations 

[reviewed in (268)].

Skeletal muscle myopathies are also directly linked to mutations in cytoskeletal components. 

Muscular dystrophies are a group of over 30 genetic diseases whose clinical features include 

progressive muscle degeneration and muscle weakness. The most common is Duchenne 

muscular dystrophy (DMD), which is an X-linked recessive disease that affects 1 in 3500 to 

5000 males [reviewed in (438)]. Another example is nemaline myopathy, which affects 1 in 

50,000 births [reviewed in (499)]. Advances in next generation sequencing have identified 

numerous mutations in humans. Together, studies combining in vivo genetic models of 

human disease (e.g., transgenic mice), isolated cell culture studies including myocytes 

differentiated from patient induced pluripotent stem cells, and in vitro mechanistic studies 

have been invaluable in understanding the etiology of skeletal and cardiac myopathies and, 

currently, in the design of potential personalized therapies.

In this review, we will focus on major striated muscle cytoskeletal assemblies, their 

components, functions, and how they interact with each other to coordinate muscle 

contraction. In addition, we will present how altered expression or mutations in these 

proteins can result in disease.

Sarcomere—The Basic Contractile Unit of Striated Muscle

The sarcomere is the smallest contractile unit of striated muscle (Fig. 1). The lateral 

boundaries of a sarcomere are defined by protein-dense Z-discs. The I-band is the region on 

either side of the Z-disc that is devoid of the myosin-containing thick filaments. The A-band 

comprises the region extending the entire length of the thick filaments, and the M-band 

resides at the center of the A-band. The sarcomere has three major filament systems that 

include actin-thin filaments, myosin-thick filaments and the giant protein titin. The force of 

muscle contraction occurs when the myosin motor protein attaches to the actin filament and 

pulls the Z-discs toward the M-band. The sarcomere is not a static structure. Although once 

considered to be solely a stable scaffold for regulatory and structural proteins, it is now 

known to undergo remarkable, rapid protein exchange, and respond to alterations in muscle 

load and injury.
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Z-discs: Borders of contractile units with ever-growing functions and networks of proteins

Z-discs define the lateral borders of striated muscle sarcomeres and cross-link the barbed 

ends of actin-based thin filaments from adjacent sarcomeres via α-actinin. The Z-disc also 

serves as an anchor site for the N-terminus of titin and nebulin/nebulette filament systems, 

making it indispensable for transmission of contractile force. Even though α-actinin was the 

most well characterized Z-disc protein in the 1990s, there is a plethora of gene products 

reported to be associated with this region of the sarcomere.

The role of the Z-disc has long transcended from being solely a passive structure providing 

anchorage to the thin filaments (including nebulin) and titin (Fig. 1). Z-discs and their 

associated protein networks have been shown to participate in numerous cellular processes 

including signal transduction and protein turnover in both cardiac and skeletal muscles. 

Furthermore, mutations in Z-disc-associated proteins are linked with numerous 

cardiomyopathies and skeletal muscle dystrophies [reviewed in (40,174,175,317)].

Proteins that cross-link actin and anchor thin filaments to the Z-disc

α-ACTININ: α-Actinin is a member of the spectrin superfamily and was originally 

described to function as an actin filament cross-linker (420). There are four vertebrate α-

actinin genes with overlapping functions: ACTA1 and ACTA4 are non-muscle isoforms, 

ACTA2 and ACTA3 are skeletal muscle isoforms, while only ACTA2 is found in cardiac 

muscle (51,272). The actin-binding domain at the N-terminus is linked through an α-helical 

neck to a domain containing four spectrin-like repeats, while the C-terminus is composed of 

a calmodulin-like domain with two pairs of calcium-binding EF hand motifs (EF 1–2 and 3–

4). One α-actinin-2 homodimer cross-links two antiparallel actin filaments of adjacent 

sarcomeres forming a flexible tetragonal lattice (588). This lattice is key for the rigidity the 

Z-disc needs to serve as a structural anchor site, while still allowing for the flexibility 

needed to conform to contractile forces.

As one of the integral Z-disc proteins, α-actinin has a myriad of binding partners with each 

interaction serving a distinct role in the production of concerted contractile action. Some 

major Z-disc proteins that interact with ACTA2 are ALP (actinin-associated LIM protein), 

MLP (muscle LIM protein), N-terminus of titin, myotilin, CapZ, cypher/oracle/ZASP, FATZ 

(filamin, α-actinin, and telethonin-binding protein at the Z-disc), myopalladin, and 

myopodin [reviewed in (316,405,639) (Figs. 2 and 3). ACTA2 has also been demonstrated to 

bind phosphorylase-b, an important metabolic enzyme in the Z-disc (116).

Independent studies reported that human mutations in the ACTA2 gene are associated with 

DCM, HCM, idiopathic ventricular fibrillation, left ventricular noncompaction, and atrial 

arrhythmias [reviewed in (474)]. ACTA3 is expressed exclusively in type II fast glycolytic 

skeletal muscles, which are specialized for fast contractions over a short duration (51). 

Remarkably, 16% of the human population is homozygous for a nonsense mutation in 

ACTA3, which results in no expression of this protein (368). However, the ACTA3 mutation 

does not result in any disease symptoms classifying it as a nonessential gene as ACTA2 may 

be able to compensate (498). In accordance with the lack of observable symptoms in 

humans, the ACTA3 knockout mouse does not develop any muscle dysfunction, but there is 
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a switch from anaerobic metabolism to more efficient aerobic metabolism (409). Loss of 

ACTA3 expression in humans has been linked to increased endurance and is associated with 

world-class athletes, suggesting its positive selection in the human population (624).

FILAMIN-C: Similar to spectrin super-family members, filamin protein family members 

also bind and cross-link actin. There are three filamin proteins: filamin-A (α isoform), 

filamin-B (β isoform), and striated muscle-specific filamin-C (γ isoform). The N-terminal 

actin-binding domain is followed by a central rod domain with 4-24 immunoglobulin-

repeats and a C-terminal dimerization domain [reviewed in (706)]. A unique insertion of 81 

amino acids in filamin C’s twentieth immunoglobulin-repeat is a Z-disc localization motif 

(708).

Filamin-C (γ-filamin) is one of the major proteins that serves as a link between the 

costamere and Z-disc and is involved in signal transduction with integrins (Fig. 2). Filamin-

C functions through interactions with sarcolemmal (striated muscle cell membrane) proteins, 

such as γ-and δ-sarcoglycans of the dystrophin glycoprotein complex (681), β1A-subunit of 

the integrin receptor complex (214), as well as Z-disc proteins such as myotilin (708) and 

FATZ (161,214,671) [see section “The Costamere: Protects against mechanical stress and is 

an important signaling hub” for more information on sarcoglycans and the dystrophin 

glycoprotein complex]. The calcium-dependent proteolytic enzymes, calpains-1 and -3, 

regulate filamin-C activity by cleaving it to produce fragments that disrupt its interaction 

with sarcoglycans (234, 776) (Fig. 2). Filamin-C dimerizes via a C-terminal 

immunoglobulin domain, which allows it to cross-link and bundle actin filaments (264). An 

autosomal dominant nonsense mutation, W2710, in the last exon of the human filamin-C 

gene interferes with its dimerization process, and causes filamin-C to aggregate within 

skeletal muscle fibers; this phenomenon eventually leads to the disease myofibrillar 

myopathy (315,722).

MYOTILIN: Myotilin is a vertebrate striated muscle-specific protein also involved in 

stabilizing and anchoring thin filaments in the Z-disc (602) (Fig. 2). Dimers of myotilin 

cross-link and stabilize actin filaments in the Z-disc, as well as prevent actin filament 

depolymerization (603). The domain structure of myotilin includes an N-terminal serine-rich 

region followed by two immunoglobulin-like domains that are important for dimerization, 

and a C-terminal PDZ-binding motif (602, 603). Myotilin binds to α-actinin (602), filamin-

C (708), and FATZ-1 and -2 (214). Mutations in the myotilin gene, especially in the N-

terminal serine-rich region, are linked with several inherited skeletal muscle dystrophies 

such as limb girdle muscular dystrophy type 1A, myofibrillar myopathy, and spheroid body 

myopathy, which are collectively referred to as “myotilinopathies” [reviewed in 

(526,527,620)].

LIM proteins: A scaffold for protein-protein interactions

MUSCLE LIM PROTEIN (MLP): MLP belongs to the cysteine-rich protein (CRP) 

family. CSRP1 is found in smooth muscle, CSRP2 in arteries and fibroblasts, and CSRP3 
encodes the striated muscle protein MLP (25, 398). MLP is composed of two LIM domains 

that are surrounded by glycine-rich repeats; LIM domains serve as protein-protein binding 
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sites (738). MLP is a positive regulator of myogenesis and overexpression of MLP increases 

muscle differentiation in C2C12 skeletal muscle cell culture (25). MLP helps to stabilize the 

Z-disc through its interactions with α-actinin (398) and anchors the titin-binding protein T-

Cap to the Z-disc (318) (Fig. 2). MLP also has diverse roles such as acting as a stretch 

sensor and signaling protein [see section “Z-disc is an important signaling node in the 

sarcomere”] (Fig. 4).

MLP-b is an MLP isoform, resulting from alternative splicing of CSRP3 exons 3 and 4. 

MLP-b, similar to full length MLP, localizes to the Z-disc and interacts with α-actinin and 

T-Cap. This isoform also forms oligomers with full-length MLP. Intriguingly, MLP-b has the 

opposite effect on myogenesis compared to MLP; MLP-b decreases differentiation 

indicating a distinct role from MLP (701).

While mainly considered a Z-disc protein, MLP has been shown to localize to other regions 

in myocytes (Fig. 4). MLP interacts with β-spectrin (168), zyxin (600), and integrin-linked 

kinase (ILK) in costameres (566), as well as nebulin-related anchoring protein (N-RAP) 

(153) in intercalated discs. MLP also localizes to the M-band, with no binding partners yet 

identified in this location (319). Consistent with its many subcellular localizations, MLP 

plays a wide variety of roles in the striated muscle cytoskeletal assemblies. For example, 

MLP plays a role in force transmission via interactions with β-spectrin (168) and zyxin 

(600) in the costamere. MLP also binds to histone-deacetylase 4 (HDAC4) in the Z-disc; 

MLP acetylated by HDAC4 and PCAF (P300/CBP-associated factor) enhances calcium 

sensitivity and increases contractile function (230). MLP can also form a complex with 

cofilin-2 and alter actin dynamics (540)

Alterations in MLP levels have been noted in skeletal myopathies. In a nemaline myopathy 

mouse model generated via a knock-in of the human mutation of α-tropomyosin (M9R), 

MLP protein levels are significantly increased (605). MLP protein levels are also increased 

in skeletal muscle from the mouse dysferin knockout model of muscular dystrophy and from 

humans with facioscapulohumeral muscular dystrophy (719,746). The increase in MLP 

levels in skeletal muscle myopathies are the opposite of what is seen in heart failure patients 

(e.g., they present with decreased MLP levels), indicating MLP may have differential roles 

in skeletal and cardiac muscle during disease. As a positive regulator of myogenesis, the 

upregulation of MLP may contribute to an attempted repair mechanism, but direct 

involvement of MLP in these myopathies is yet unknown.

PDZ-LIM FAMILY OF PROTEINS: All PDZ-LIM family members have at least one 

PDZ domain and at least one LIM domain. Both the PDZ and LIM domains act as a scaffold 

for protein interactions [reviewed in (215)]. Four PDZ-LIM subfamilies have been identified 

including: (i) α-actinin-associated LIM protein (ALP), (ii) ENIGMA (Enigma, enigma-

homologue, and CYPHER/ZASP), (iii) LMO7, and (iv) LIM-KINASE (338).

1. ALP SUBFAMILY: All members of the ALP subfamily contain one PDZ domain 

and one LIM domain, and have multiple splice variants (771). There are four 

proteins in the ALP subfamily: ALP (PDLIM3), CLP36 (PDLIM1; also known 

as elfin and CLIM1), RIL (PDLIM4), and mystique (PDLIM2; also known as 
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SLIM). ALP is found in both skeletal and heart muscle (752), while CLP36 is 

only found in the heart (335) (Fig. 2). ALP binds to α-actinin in both skeletal 

and cardiac muscle and enhances actin filament cross-linking by α-actinin (547). 

Mice deficient in ALP develop right ventricular DCM, indicating ALP may be 

critical for right ventricle function (547). A role for CLP36 has not yet been 

determined in the heart, but it may be important in myofibrillogenesis (336).

2. ENIGMA SUBFAMILY: Enigma and enigma-homolog protein (ENH) are found 

in skeletal and heart muscle, and contain one PDZ domain and three LIM 

domains. Enigma is anchored to the Z-disc via α-actinin-2 and can bind to 

protein kinase C through its LIM domains, indicating it may be involved in 

signaling pathways (349). Enigma binds to skeletal muscle-specific tropomyosin 

(formerly known as β-tropomyosin), possibly serving as an adapter protein for F-

actin to recruit signaling proteins (233). ENH and its homologue cypher/oracle/

ZASP are important for Z-disc integrity in cardiac and skeletal muscle. ENH 

forms a complex with short cypher (CypherS) isoform and calsarcin-1, which 

may help stabilize the Z-disc (110) (Fig. 2).

Global and cardiac-specific ENH knockout mice develop DCM from a loss of 

cypherS/ENH/calsarcin-1 complex resulting in Z-disc instability (110). Global 

knockout of the ENH homolog cypher results in development of congenital 

myopathy and postnatal lethality (775). However, cardiac-specific cypher 

knockout mice survive to six months old and develop DCM (772). Double 

knockout of ENH and cypherL (long isoform) is embryonic lethal due to aborted 

heart development, while ENH and cypherS double knockout mice survive to 

adulthood. Results from single and double knockout of ENH and cypher indicate 

that ENH and cypherL are functionally redundant in cardiac development, while 

ENH and cypherS play a role in Z-disc stability in the adult heart (470). Further 

highlighting the role of cypher/ZASP in Z-disc stability, mutations in ZASP have 

been identified in patients with skeletal distal myopathy and DCM (226,656).

3. LIM-ONLY PROTEIN 7 (LMO7): LMO7 is found at the Z-disc in developing 

cardiac and adult skeletal muscle. It has one LIM domain, one PDZ domain, and 

a calponin-homology domain (576). Like all PDZ-family proteins, LMO7 binds 

to α-actinin (522). Mice with a deletion of Lmo7Δ800 (which removes an 800 Kb 

region that contains the Lmo7 gene) develop severe muscle degeneration and 

growth retardation (622). In chicken, mice, and zebrafish, Lmo7 is found in the 

secondary heart field, outflow tract, inflow tract, and the proepicardium. 

Knockdown of Lmo7 in zebrafish results in defects in heart and conduction 

system development, indicating Lmo7 may play a key role in heart development 

(529).

4. LIM KINASE: LIM kinases (LIMK1 and LIMK2) have two LIM domains, one 

PDZ domain, and a protein kinase C domain (514). LIMK1 and LIMK2 are most 

abundant in neural tissue, but are also present in numerous tissues including in 

the Z-discs of the developing heart (384, 501). LIMK1 phosphorylates cofilin-1 

at serine 3, which inhibits cofilin-1’s function as an actin-severing protein (24). 
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Knockout of LIMK1 and LIMK2 results in severe neuronal effects (437), but 

little is known about their role in the heart.

FOUR-AND-A-HALF LIM (FHL) FAMILY: The FHL proteins 1, 2, and 3 are expressed 

primarily in striated muscles (465). FHL1 (also known as SLIM1, KyoT) isoforms have 

diverse localizations (M-band, I-band, nucleus and cytoplasm) and interact with more than a 

dozen proteins including human cardiac titin and cardiac myosin-binding protein C 

(cMyBP-C), as well as proteins of the MAPK signaling pathway [reviewed in (632)]. Both 

FHL1 and FHL2 bind to titin’s N2B spring region (Fig. 5) and activate downstream 

signaling pathways, thus serving as an important mechanosensor that triggers hypertrophy in 

response to strain (223).

Importantly, FHL1 binds to the prohypertrophic transcription factor NFATc1 (nuclear factor 

of activated T cells, cytoplasmic, calcineurin-dependent 1), enhancing NFAT activity and 

hypertrophy (127); knockout of prohypertrophic FHL1 in mice results in a blunted response 

to hypertrophy in the heart and skeletal muscle myopathy (147,634). Dysregulation of FHL1 

due to mutations in this protein are causative for several forms of human X-linked skeletal 

muscle dystrophies: Emery-Dreifuss muscular dystrophy, reducing body myopathy, rigid 

spine syndrome, scapuloperoneal myopathy, and X-linked myopathy with postural muscle 

atrophy [reviewed in (126)]. FHL1 upregulation is potentially therapeutic for skeletal 

myopathies as upregulation can rescue a DMD mouse model (mdx model) by increasing 

muscle hypertrophy through the NFAT pathway (136). Furthermore, upregulation of FHL1 is 

detected at early stages of DCM progression in multiple mouse models, making it a 

promising candidate as a marker of early detection of DCM (195). Human patients with 

DCM, HCM, and other cardiac pathologies also have increased levels of FHL1 [reviewed in 

(126,632)].

FHL2 (also known as SLIM 3 and DRAL) is expressed most abundantly in cardiac muscles 

(100,202). In the sarcomere, FHL2 binds to two distinct regions of titin (N2B and IS2) and 

localizes to both the Z-disc and M-band, respectively (Figs. 2 and 5). FHL2 docks important 

metabolic enzymes such as phosphofructokinase, creatine kinase, and adenylate kinase, all 

of which are key to cross-bridge cycling (356) [see section “Metabolism of ATP: 

Maintaining a sufficient pool of ATP for proper muscle contraction” for more information on 

metabolic enzymes] (Fig. 8). Interestingly, FHL2 has the opposite effect on hypertrophy than 

FHL1. While FHL1 enhances hypertrophic NFAT signaling, FHL2 interacts with calcineurin 

(which activates NFAT) and suppresses calcineurin activity (270,328). In human heart 

failure, FHL2 expression is reduced and is no longer localized to the sar-comere. At the M-

band, FHL2 binds to metabolic enzymes. In heart failure patients, loss of FHL2 localization 

also results in decreased activity of creatine kinase, phosphofructokinase, and adenylate 

kinase, which could contribute to the progression of heart failure (77,294).

FHL3 (SLIM 2) is predominantly expressed in skeletal muscles and localizes to the Z-disc 

of mature myofibrils (464) (Fig. 2). FHL3 directly binds to actin, inhibits actin cross-linking 

activity of α-actinin in vitro, and directly interacts with MyoD to negatively regulate the 

MyoD-dependent myogenic differentiation process (121,125).
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Z-disc is an important signaling node in the sarcomere

MLP: MLP is an important component of the cardiac stretch sensor machinery (Fig. 4). 

Muscle cells need to respond rapidly to increased mechanical stretch by activating 

downstream pathways of hypertrophy or myocyte survival [reviewed in (84)]. The MLP/

titin/T-Cap complex plays an important role in stretch-induced signaling (Fig. 2). In MLP 

knockout mice, T-Cap mislocalizes from the titin spring region and the mice develop DCM 

likely due to their inability to sense passive stretch (318). Following stretch of isolated 

cardiomyocytes (to simulate contraction), MLP translocates to the nucleus (65), and 

interacts with transcription factors that regulate myogenesis (e.g., MyoD, myogenin, and 

MRF4) (327) (Figs. 2 and 4). MLP shuttles between cytoskeletal assemblies in order for the 

sarcomere to respond to changes in cardiac load.

MLP plays a key role in cardiac disease. MLP anchors the prohypertrophic Ca2+/

calmodulin-dependent phosphatase calcineurin to the Z-disc; calcineurin dephosphorylates 

NFAT (nuclear factor of activated T-cells) and activates the hypertrophic response (Fig. 2). 

Following myocardial infarction in heterozygous MLP mice (∼50% reduction of MLP), 

there is a blunted response of the calcineurin/NFAT hypertrophy pathway indicating that 

MLP plays a pivotal role in stress-induced hypertrophy (252). The connection between MLP 

levels and calcineurin/NFAT signaling may provide insight into possible therapeutic targets 

for heart failure patients (778). The MLP knockout mouse was the first genetic mouse model 

of DCM (26). In humans, mutations in MLP, clustered in the N-terminal region, have been 

identified that result in both DCM and HCM [reviewed in (702)]. A knock-in mouse model 

was developed of a MLP mutation, W4R; these mice develop HCM indicating that this 

mutation in MLP is directly responsible for the development of disease (319).

MUSCLE ANKYRIN REPEAT PROTEINS (MARPs): The MARP family of proteins 

has three members: CARP1/Ankrd1 (cardiac ankyrin repeat protein/ankyrin repeat domain 

1), CARP2/Ankrd2/Arpp (ankyrin repeat protein with PEST and proline rich region), and 

CARP3/DARP/Ankrd23 (diabetes-related ankyrin repeat protein). All members of the 

MARP family contain four ankyrin repeat domains and localize to both titin’s elastic N2A 

region and the nucleus (446) (Fig. 5), while the N-terminal domain of MARPs is necessary 

for dimerization (750). While the MARP family is important stress responsive proteins, none 

of the proteins are required for cardiac development as single, double, and triple knockout of 

MARP family members results in no detectable cardiac phenotype (43). DARP is the least 

studied protein in the MARP family. It is expressed in heart and skeletal muscle, and is 

upregulated following insulin challenge in Type II diabetic mice suggesting a role in 

metabolism (286).

CARP1 (encoded by the gene ANKRD1) is expressed in cardiomyocytes, and to a lesser 

extent in skeletal muscle, with expression seen in the earliest stages of heart development 

(780). CARP1 gene expression is part of the fetal gene program, which increases following 

the induction of pathologic hypertrophy (15, 348). CARP1 interacts with a wide-variety of 

proteins such as calsequestrin, desmin, FHL2 myopalladin, and talin (44, 468, 687, 750). In 

the nucleus, CARP1 binds to numerous transcription factors involved in cell proliferation 

and differentiation, apoptosis, immune response, and hematopoiesis (325). Overexpression 
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of CARP1 decreases expression of the NF-κB inflammatory pathway possibly to protect 

muscle from stress and excessive hypertrophy (360). CARP1 is upregulated in patients with 

DCM, HCM, and ischemic cardiomyopathy (477, 736, 779), and a mutation in the ankrd1 
gene is causative for HCM and DCM (27,468).

CARP2/Ankrd2/Arrp is found in type I (slow twitch) skeletal muscle fibers and its levels 

increase following stretch (311,537). There are very low or undetectable levels of ankrd2 in 

the heart; however, ankrd2 is upregulated in patients with DCM (289, 467, 477). Ankrd2 is 

highly responsive to stress and increases following exercise, stretch, and muscle injury (46, 

256, 367, 696, 697). The mechanism by which ankrd2 responds to stress is by shuttling to 

the nucleus and repressing the NF-κB inflammatory pathway; repression of this pathway is 

dependent on phosphorylation of ankrd2 (50,402). As a key factor in muscle stress 

responses, it is no surprise that Ankrd2 levels are altered in many myopathies (478,480,537).

MYOPODIN: Myopodin, of the synaptopodin gene family, is another protein that can 

shuttle between the sarcomere and nucleus. Its cellular localization is dependent on the 

developmental stage, phosphorylation status, or cellular stress of the myocyte (160, 737). 

Myopodin directly binds to filamentous actin (F-actin), and colocalizes with α-actinin and 

filamin-C in Z-discs of nascent and mature myofibrils and plays an important role in 

organizing early Z-discs (390, 737). Myopodin also has the ability to bundle F-actin in a 

manner similar to α-actinin during myofibril assembly (389). Myopodin’s binding to 14-3-3 

protein and subsequent localization to the nucleus is positively regulated by protein kinase A 

(PKA) and calcium/calmodulin-dependent kinase II (CaMKII), and is negatively regulated 

by calcineurin (160) (Fig. 2).

MYOPALLADIN: Myopalladin is another sarcomeric protein containing immunoglobulin-

like domains: two in the N-terminal half and three in the C-terminal half. Myopalladin is 

found both at the Z-disc and in the nucleus (44,446). At the Z-disc, myopalladin directly 

binds to α-actinin, nebulette, and CARP (407,443) (Fig. 2). Myopalladin mutation Y20C 
leads to the development of HCM and DCM. The Y20C mutation decreases the nuclear 

shuttling of myopalladin affecting its binding to CARP1 thus decreasing CARP1 function 

resulting in upreguation of hypertrophic genes (574). Another myopal-ladin mutation, 

Q529X, results in loss of α-actinin and neb-ulette binding and leads to the development of 

RCM (574). Analysis of Q529X knock-in mice indicate that mutant Q529X myopalladin can 

translocate to the nucleus, although CARP1 activity levels are decreased leading to an 

increase in fibrotic genes and resulting in progressive RCM (280).

ZYXIN: Zyxin is a phosphoprotein found in focal adhesion sites that also translocates from 

the Z-disc and nucleus (Fig. 4). The N-terminal half of zyxin contains a conserved leucine-

rich region that not only regulates its subcellular distribution, but also serves as a nuclear 

export signal. Zyxin possesses three LIM domains in its C-terminal half, and its N-terminal 

proline-rich region interacts with α-actinin and SH3 domain-containing proteins (131, 495). 

Responding to mechanical stress, zyxin translocates to the nucleus and activates genes 

responsible for cell survival (303) (Fig. 2).
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Other Z-disc proteins—T-CAP: T-Cap (titin-cap or telethonin) is a striated muscle-

specific protein that provides a strong tie between the N-termini of two anti-parallel titin 

molecules in the Z-disc (Fig. 5). Two immunoglobulin-like domains (Z1 and Z2) of titin are 

bolted together by two unique β-sheets of T-Cap (225,561,704). T-Cap interacts with FATZ 

(filamin, α-actinin, and telethonin-binding protein of the Z-disc) family members (182, 

183), E3 ubiquitin ligases (684), and MinK – aβ-subunit of the delayed rectifier potassium 

channel (189) (Fig. 2). Human T-Cap mutations are associated with skeletal muscle-related 

diseases, such as limb-girdle muscular dystrophy type 2G and congenital muscular 

dystrophy, as well as cardiac muscle-related diseases such as DCM and HCM (163, 250, 

318, 463). Knockout of T-Cap in mice results in a mild dystrophic phenotype indicating that 

a simple loss of or reduction of T-Cap may not explain its role in disease development (414). 

An alternative hypothesis is that T-Cap phosphorylation plays a key role in its function. T-

Cap is constitutively phosphorylated, and T-Cap phosphorylation regulates calcium 

transients and disrupts T-tubule organization in cardiomyocytes (87).

FATZ FAMILY (FILAMIN, α-ACTININ, AND TELETHONIN-BINDING PROTEIN 
OF THE Z-DISC): The FATZ family of proteins interacts with an array of major Z-disc 

proteins, as its name suggests. FATZ-1 (also known as calsarcin-2 or myozenin-1) and 

FATZ-3 (calsarcin-3 or myozenin-3) are highly expressed in fast-twitch skeletal muscles, 

and FATZ-2 (carsarcin-1 or myozenin-2) is found in cardiac and slow-twitch muscles (161, 

182, 183, 671). FATZ family members are small proteins with α-helical N- and C-terminal 

regions flanking a central glycine-rich domain (161, 671). FATZ proteins also bind to other 

Z-disc proteins, such as myotilin (214) and cypher/oracle/ZASP (175) (Fig. 2). Initially 

identified as a binding partner of calcineurin, a calcium- and calmodulin-dependent serine/

threonine protein phosphatase, it is proposed that FATZ-2 negatively regulates calcineurin 

signaling activity; FATZ-2 knockout mice have increased levels of calcineurin, which leads 

to accelerated development of HCM (175, 181, 183). In humans, mutations in FATZ-2 have 

been linked to development of HCM; however, disease progression may not be linked to 

altered calcineurin activity (525,595).

TITIN: The largest protein in the human genome

TITIN—Titin, or connectin, is a huge (often called “giant”) protein that spans half of the 

sarcomere, acts as a molecular spring and is key to the passive mechanical properties of the 

myofilaments. The human titin gene is made up of more than 38,000 amino acids and 

contains 363 exons (44). Titin is important for sarcomere stability as it spans the length of a 

half sarcomere. Numerous functionally diverse partners have been identified to interact 

along the length of titin (Fig. 5). Identification of these partners has contributed to the 

identification of new (and often surprising) roles for titin—these will be discussed below.

Z-DISC TITIN—The N-terminal region of titin is anchored in the Z-disc. The first 200 

residues contain multiple immunoglobulin repeats and varying numbers (between two and 

seven) of Z-repeats (modules located within the Z-disc that bind α-actinin and determine Z-

disc width); the number of Z-repeats varies depending on the tissue type and developmental 

stage (198). Regions of N-terminal titin bind proteins such as actin (386), α-actinin (765), T-

Cap (225, 472), small ankyrin 1 (331), filamin-C (353), and nebulin/nebulette (747) (Figs. 5 
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and 6). At the junction of the Z-disc and I-band, the proteins tropomyosin (386), obscurin 

(764), and calpain (582) bind titin (Fig. 5). These interactions support structural integrity, 

force transduction, and mechanosensing at the Z-disc (Fig. 7).

I-BAND TITIN—The elastic I-band region of titin consists of immunoglobulin sequences 

with intermittent unique regions. The PEVK region (named because it consists of 

approximately 70% proline (P), glutamic acid (E), valine (V), and lysine (K) residues) is 

primarily responsible for titin’s elastic properties (352). The N2A and N2B regions also 

contain immunoglobulin domains; the N2A region is found in all titin isoforms while the 

N2B region is only found in cardiac titin (179). The N2B isoform lacks the N2A region and 

part of the PEVK region. Numerous proteins interact with I-band titin (Fig. 5). In particular, 

the PEVK domain interacts with calpain-1 (249) and nebulin (407), as well as actin (386) 

and tropomyosin (581).

Titin’s I-band region (along with collagen) is key to passive tension, in which the muscle 

lengthens without contractile force. Passive tension can be fine-tuned in response to changes 

in mechanical demand or exercise. Alternative splicing of titin allows for changes in passive 

tension. In the heart, the shorter N2B isoform has more passive stiffness (fewer extensible 

spring regions) compared with the longer N2BA isoform (which has the N2A, N2B and 

PEVK regions) (691). Interestingly, the expression ratios of these isoforms are altered in 

hearts of patients suffering from chronic ischemia. Instead of the normal 30:70 N2BA:N2B 

ratio, patients exhibit an expression ratio closer to 50:50, leading to a decrease in passive 

muscle stiffness (484). Phosphorylation of the N2B region of titin can also alter its function, 

reducing passive tension in the heart (185, 757). Titin is a vital adjustable spring that is 

necessary to respond to changes in mechanical force.

Titin’s I-band region also participates in mechanosensing and the hypertrophy response. 

Interactions between the skeletal muscle N2A region and calpain 3/p94 suppress calpain’s 

autolytic activity and therefore protect titin from proteolysis (249) (Fig. 5). The 

immunoglobulin domains in the N2A or N2B linker regions unravel at low forces, while the 

PEVK region unravels at high forces (222, 373, 387, 388). With such a response to 

contractile stress, the I-band region of titin exhibits mechanosensory properties. The N2A 

region also interacts with muscle-ankyrin repeat proteins (MARPs) to elicit a 

mechanosensory response (446) (Fig. 5). Four-and-a-half-LIM-domain proteins (FHLs) bind 

to the N2B region, which in response to biomechanical stress activates hypertrophy 

pathways (634) [see section “Z-disc is an important signaling node in the sarcomere” for 

more information on MARP and FHL proteins] (Fig. 5).

A-BAND TITIN—In the A-band, titin interacts with myosin-binding protein C (MyBP-C) 

and the myosin tail domains, thus linking titin to the thick filaments (275, 648) (Fig. 5). The 

inextensible A-band region of titin is composed of super repeats of seven fibronectin III 

domains and four immunoglobulin domains (275). Eleven of these correspond to the C-zone 

thick filament repeats and may define the number and position of myosin and MyBP-C 

(178) (Fig. 15B). It has been suggested that the fibronectin III domains position myosin 

heads adjacent to the thick filament backbone and slightly change the orientation of the 

heads under stress that may contribute to active force development (287,473).
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M-BAND TITIN—Several protein interactions at the titin kinase (TK) domain and nearby 

regions implicate that M-band titin is important in both signaling and structural support 

[reviewed in (341)] (Fig. 5). For example, muscle-RING-finger-proteins (MURF) 1 and 2 

may mark titin for proteo-somal degradation through the ubiquitin pathway (744, 749) (Fig. 

8). The extreme C-terminus of titin binds FHL2 and p94, similar to I-band titin, as well as 

myospryn (scaffolding protein that regulates calcineurin signaling) and obscurin that serve 

both structural and signaling roles [reviewed in (196, 385)]. Through interactions with 

myomesin, M-band titin further stabilizes the thick filament (506) (Fig. 9).

Mutations in titin have emerged as a major cause of disease, resulting in both skeletal and 

cardiac myopathies. Mutations that truncate titin are the most common genetic cause for 

DCM. In particular, it was found that approximately 25% of idiopathic DCM patients have 

titin truncation mutations (predominantly in the A-band region), while mutations in titin are 

rarely seen in HCM patients (257). In addition, mutations and post-translational 

modifications in titin have been identified in patients with numerous cardiomyopathies 

including DCM, HCM, RCM, and arrhythmogenic right ventricular myopathy [reviewed in 

(370,485)].

Titin mutations have been identified in numerous skeletal myopathies, as well [reviewed in 

(104)]. Examples of muscle myopathies include tibial muscular dystrophy (TMD), 

hereditary myopathy with early respiratory failure (HMERF) and centronuclear myopathy 

(CNM). Interestingly, these skeletal myopathies do not present concurrently with cardiac 

phenotypes. Mutations in skeletal muscle titin are not localized to any one region of the titin 

molecule. For example, TMD is the result of a mutation in M-band titin; this disease is 

characterized by atrophy and weakening of the tibialis muscle (235). Titin’s A-band is a 

hotspot for mutations leading to HMERF; this disease is characterized by weakness of the 

extremities and diaphragm (555). CNM has been associated with mutations in titin that lead 

to truncations (97). To date, there are nine additional titin mutations that result in both 

skeletal and cardiac myopathies [reviewed in (104). Inevitably, more titin mutations will 

likely be described in the future, highlighting the critical role titin plays in the sarcomere.

ACTIN: The most abundant protein in eukaryotic cells

Actin is the primary component of the sarcomeric thin filament and makes up 20% of the 

mass of striated muscle. Globular in solution (G-actin), individual actin molecules interact to 

form tightly regulated, yet highly dynamic, filamentous polymers (F-actin) (Fig. 10). Actin 

filaments are polar in structure with their barbed ends inserted in the Z-disc and the pointed 

ends extending into the M-band (Fig. 1). The designation of barbed and pointed end comes 

from the arrowhead appearance of F-actin bound to heavy meromyosin (HMM) in vitro 
(283).

The structure of G-actin comprises two domains connected together via two “hinge” strands, 

with each domain further divided into two subdomains (297, 534) (Fig. 11). Two coiled 

strands of actin polymers intertwine to make up a single polarized F-actin filament (152)]. 

Six genes in the human genome encode different actin isoforms that share more than 87% 

sequence identity: α-skeletal-, α-cardiac-, α-smooth-, β-cytoplasmic-, γ-smooth-, and γ-

cytoplasmic-actin [reviewed in (229)]. Though they share high sequence homology, the 
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different isoforms display tissue, as well as cytoskeletal assembly-specific, expression 

patterns. α-Skeletal- and α-cardiac-actin are the primary isoforms which make up the 

sarcomeric thin filaments in their respective striated muscle cells (57), while γ-cytoplasmic-

actin is found in costameres (598). Non-striated muscle isoforms, β-cytoplasmic- and γ-

cytoplasmic-actin, are ubiquitously expressed, while α-smooth-actin is found predominantly 

in smooth muscle.

Mouse models have been instrumental in determining the specialized roles of the different 

actin isoforms and whether isoforms can compensate for each other. Both cardiac and 

skeletal actins are necessary for proper sarcomere organization and function. α-Cardiac-

actin knockout mice die either before or shortly after birth due to a loss of thin filaments in 

the sarcomere leading to cardiac failure (345). α-Skeletal-actin knockout mice have normal 

thin filaments, due to a compensatory upregulation of cardiac actin, but show decreased 

muscle strength; the knockout mice die within 10 days of birth due to malnutrition (132). 

Costameres are only mildly disrupted in γ-cytoplasmic-actin knockout mice, however 

progressive necrosis develops in their skeletal muscle as a result of this disruption (645). In 

short, analysis of actin isoform-specific knockout mice have revealed that, while different 

isoforms of actin are often observed to partially compensate for each other, α-skeletal- and 

α-cardiac-actin are essential for maintaining the integrity of the sarcomere.

As a primary component of the sarcomere, it comes as no surprise that several mutations in 

striated muscle actin isoforms result in different muscle myopathies. More than 200 

missense mutations in ACTA1 (which encodes α-skeletal-actin) are associated with actin 

myopathy (congenital myopathy with excessive actin filaments) and nemaline myopathy 

[reviewed in (500)]. Patients suffering from these myopathies experience severe muscle 

weakness and diminished muscle tone, with nemaline myopathy symptoms typically 

affecting face, neck, and limb muscles most severely. Approximately one in five patients 

suffering from nemaline myopathy has mutations in ACTA1; the mutations are, interestingly, 

not localized to any one region of actin (355). Actin mutations also result in intranuclear rod 

myopa-thy and congenital fiber type disproportion (354, 615). In the heart, mutations in 

ACTC (that encodes α-cardiac-actin) are linked to cases of HCM and DCM. HCM-related 

mutations likely interfere with myosin binding and, therefore, force generation, whereas 

DCM-related mutations occur elsewhere in the molecule and may disrupt force transmission 

to adjacent sarcomeres (452, 516, 517). The alterations in force generation and transmission 

observed as a result of HCM and DCM mutations likely lead to the heart remodeling seen in 

these myopathies.

Actin-thin filament length regulation: Proper striated muscle function requires 
precise thin filament lengths

CAPZ: CapZ (or β-actinin) is a highly conserved, barbed-end capping protein (93, 94). 

There are four genes that encode the different α- and β-isoforms, which interact to form 

heterodimers: CAPZA1, A2, A3, and CAPZB (244, 609). Three α-subunit isoforms bind 

differentially to actin and are each encoded by a separate gene, while the three β-subunit 

isoforms are all alternatively spliced from a single gene. The α1β1 heterodimer is the 

primary sarcomeric Z-disc isoform in striated muscle (thus called “CapZ”), binding α-
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actinin, and anchoring the thin filament in the Z-disc (94, 539) (Fig. 2). Overexpression of 

the β2 isoform (which normally localizes to the intercalated disc) in the heart causes 

displacement of the β1 isoform from its normal localization at the Z-disc and leads to the 

development of HCM (243). This study highlights the importance of CapZ; the presence of 

thin filaments not properly anchored into the Z-disc leads to disease development.

CapZ regulates actin polymerization and depolymerization (731). The C-terminal portion of 

CapZ α- and β-subunits each bind one terminal actin molecule; the β-subunit remains 

attached while the α-subunit is dynamically associated with the filament to allow actin 

monomers to come off and on (381, 759) (Fig. 12). Regulation of actin dynamics at the 

barbed end may also play a key role in both skeletal and cardiac hypertrophy. During 

hypertrophic remodeling, new sarcomeres are added in parallel to existing sarcomeres. 

When hypertrophy is induced in isolated cardiomyocytes by treatment with phenylephrine or 

endothelin-1, CapZ dynamics increase resulting in destabilization of the Z-disc to insert new 

sarcomeres (245). Further, when hypertrophy is induced by mechanical strain, actin 

dynamics increase at the barbed end, which is conducive for the addition of new sarcomeres 

(191, 380,382) (Fig. 12). Actin dynamics at the barbed end are vital for the sarcomere to 

respond to changing stress and strain.

TROPOMODULIN: Tropomodulin (Tmod) is a capping protein at the pointed ends of the 

thin filaments which blocks elongation and prevents actin depolymerization (732). There are 

four Tmod isoforms, with two expressed in vertebrate striated muscle: erythrocyte (E-Tmod 

or Tmod1) and skeletal (Sk-Tmod or Tmod4) (19, 128, 173). Tmod consists of a disordered 

N-terminus containing two tropomyosin-binding sites, an actin-binding site, and a leucine-

rich repeat C-terminal region with a second actin-binding site [reviewed in 

(209,334,578,758)]. Tmod1 and 4 bind to the N-terminus of nebulin in vitro, but spatial 

separation in vivo reveals that this interaction is likely transient (95, 211, 427) (Fig. 6). 

Tmod1 is essential for proper cardiac development and myofibril-logenesis. Mice lacking 

Tmod1 exhibit perturbed cardiac development and subsequent embryonic lethality (117, 

184), a phenotype that can be rescued by cardiac-specific overexpression of Tmod1, 

indicating that Tmod1 is essential in heart development (430).

Tmod4 is more highly abundant in skeletal muscle when compared to Tmod1 (212). Tmod4 

knockout mice are viable and exhibit no detectable skeletal myopathies, however most 

intriguing was that thin filament lengths were not altered as expected. Tmod1 is able to 

compensate for the loss of Tmod4 in skeletal muscle to maintain proper thin filament lengths 

indicating that Tmod1 directly controls skeletal muscle thin filament lengths (212). Finally, 

Tmod3 caps γ-cytoplasmic actin filament pointed ends in the sarcoplasmic reticulum (SR), 

contributing to the stabilization of the SR complex. Following loss of Tmod1 in skeletal 

muscle, Tmod3 leaves the SR to cap the pointed end of the thin filament (209). Therefore, 

Tmod1 is vital to sarcomeric stability, while loss of Tmod3 and Tmod4 can be stabilized 

when Tmod1 compensates.

LEIOMODIN: Another less-investigated member of the tropomodulin family is leiomodin 

(Lmod). Three Lmod isoforms have been identified with each encoded by a separate gene: 

smooth muscle (Lmod1), cardiac/skeletal (Lmod2), and skeletal (Lmod3) (122). Lmod 
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shares approximately 40% sequence identity with Tmod with some important differences; 

Lmod lacks the second tropomyosin-binding site found in Tmod and has a C-terminal 

extension that contains a third actin-binding, Wiskott-Aldrich homology 2 (WH2) domain 

(122). With three actin-binding sites, Lmod2 has been shown to be a potent actin nucleator 

in vitro (111). The unique WH2 domain is necessary for Lmod2s function, as removal of 

this domain makes Lmod2 function as a pointed-end capping protein [e.g., like Tmod1 

(695)].

Due to the similar structural domains found in Lmod and Tmod family members, it is likely 

that they perform similar functions. Interestingly in Xenopus laevis skeletal muscle, 

knockdown of Lmod3 disrupts sarcomere assembly and overexpression of Tmod4 rescues 

the phenotype (and vice versa Lmod3 can rescue loss of Tmod4). This study indicates that 

these closely related family members could functionally compensate for each other in 

sarcomeric assembly (502). Clinically, mutations in Lmod3 are associated with nemaline 

myopathy, where 90% of patients with Lmod3 mutations suffer from severe cases of this 

disease (766). In accordance, Lmod3 knockout mice develop nemaline myopathy (683).

The thin filament pointed end is highly dynamic and its regulation is key in maintaining 

proper thin filament length (391). Altering levels of both Lmod2 and Tmod1 result in thin 

filament length changes. Overexpression of Lmod2 in isolated cardiomyocytes results in 

elongated thin filaments (695), while Lmod2 knockout mice have significantly shorter 

lengths and a DCM phenotype (545). In contrast, knockdown of Tmod1 in isolated 

cardiomyocytes results in elongated thin filament lengths, while overexpression of Tmod1 in 

isolated myocytes and mouse heart [Tmod1 overexpression mouse (TOT)] results in shorter 

lengths and a DCM phenotype (661, 662). Both the TOT and Lmod2 knockout mice 

highlight the importance of thin filament length regulation in proper contractile function.

There are a few proposed models for how Tmod1 and Lmod2 may regulate thin filament 

length. One is that Lmod2 and Tmod1 compete for pointed end binding and thereby fine-

tune thin filament lengths (695). Alternatively, an Lmod2-independent mechanism was 

proposed based on X-ray crystallography. In this model, Tmod1 binds to actin and 

tropomyosin with multiple low affinity interactions, allowing part of Tmod1 to detach from 

the pointed end and actin monomer exchange (578). A similar mechanism was proposed for 

Lmod2 based on X-ray crystallography of Lmod2 bound to actin. This model suggests that 

Lmod2 binds to tropomyosin and two terminal actins at the pointed end, while the third 

WH2 actin-binding site recruits an actin monomer and makes it available to elongate the thin 

filament at the pointed end (109).

FORMIN: Formin proteins regulate assembly of unbranched actin filaments of the 

eukaryotic cytoskeletal system through their association with the barbed ends of actin 

filaments, making them ideal candidates as striated muscle actin nucleation factors (570, 

572). The actin nucleation factor for initial thin filament assembly has not been identified. 

However, several independent reports have identified formin as a potential candidate 

(290,442,455,594).
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Formins are a highly conserved family of dimeric proteins that are present in almost all 

eukaryotes (98,262). There are 15 mammalian formin homologues identified, and 13 are 

expressed in various sarcomeric localizations in developing mouse cardiomyocytes (594). 

The GTPase-binding domain, diaphanous (DIA) inhibitory domain and DIA autoregulatory 

domain of formins contribute to self-regulatory activity (216). In general, actin barbed-end 

binding proteins inhibit barbed end polymerization. Uniquely, formins not only allow actin 

monomer addition but also prevent barbed-end capping proteins, such as CapZ, from 

interfering with thin filament elongation (528).

Amongst seven known Z-disc-associated formins, FHOD3 (formin homology-2 domain 

containing protein 3) is the best studied. FHOD3 knockout mice are embryonic lethal mainly 

due to arrested myocardial development at embryonic day 10.5, indicating that FHOD3 

plays a key role in regulating actin dynamics during myofibrillogenesis and is vital for heart 

development (299). Two different coding variants (V1151I and Y1249N) of human FHOD3 
gene are associated with increased incidences of familial HCM and DCM, respectively 

(29,751). Taken together with data from investigations of Lmod2, Tmod1, and CapZ, control 

of actin dynamics at thin filament ends is critical to maintaining thin filament integrity and 

proper contractile function [see “The Nebulin family of proteins: a giant regulator of thin 

filament function” for nebulin’s role in thin filament length regulation].

The Nebulin family of proteins: A giant regulator of thin filament function

NEBULIN—Nebulin is part of a family of proteins including N-RAP, nebulette and LASP-2 

(LIM and SH3 protein) [reviewed in (543)]. Nebulin is a huge protein that is highly 

conserved in vertebrates: 154 central modules (M9-M162) are divided into 22 seven-module 

super-repeats that associate with actin thin filaments (258). A single nebulin module 

interacts with one actin monomer, and each super-repeat associates with one thin filament 

regulatory complex (7 actin monomers:1 tropomyosin:1 troponin complex) (351) (Fig. 6). 

Nebulin is highly abundant in skeletal muscle, with very low amounts detected in the heart 

(42,307). Cardiac-specific nebulin knockout mice do not have altered thin filament length 

indicating that nebulin has a distinct, yet undefined, role in the heart (326).

Nebulin plays many roles in skeletal muscle. It functions in contraction by regulating actin-

myosin interactions (41) and regulating calcium uptake to the sarcoplasmic reticulum (532). 

In addition, nebulin has been shown to regulate Z-disc alignment (686). In the Z-disc, 

nebulin’s C-terminus contains a serine-rich domain and an SH3 domain that interacts with 

CapZ, N-WASP, titin, and myopalladin (407, 542, 672) (Fig. 6). Nebulin and N-WASP form 

a complex at the Z-disc that can nucleate IGF-1-induced actin branches from the barbed end, 

indicating that nebulin may also play a role in the addition of new sarcomeres following the 

induction of hypertrophy (672). However, the function of nebulin that is most well studied is 

its role in thin filament length regulation.

A very popular model of nebulin’s function in thin filament length regulation is that of a 

“molecular ruler.” Data consistent with this role include the observation that nebulin 

assembles before actin filaments reach mature length early in myofibrillogenesis (511). The 

molecular layout of nebulin also suggests a molecular ruler (template) role since its C-

terminus lies in the Z-disc with its N-terminus (regions M1-M3) extending to thin filament 
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pointed ends (427) (Fig. 6). Further observations consistent with nebulin having a role as a 

ruler came from a study showing that the sizes of alternatively spliced nebulin isoforms 

correlate with thin filament lengths in different muscle fiber types and at different 

developmental stages (342).

However, inconsistent with nebulin having a strict ruler function, the pointed end of the thin 

filament extends past the N-terminus of nebulin (95). As such, an alternative model of 

nebulin’s role in thin filament regulation is that nebulin functions not as a strict molecular 

ruler but as an actin stabilizer. In support of this model, a truncated nebulin protein can 

stabilize thin filaments that extend far past its end (544). Consistent with this, a two-segment 

model has been proposed where it is predicted that nebulin stabilizes a core actin filament 

length, and actin filaments that extend beyond nebulin are regulated by Tmod1 [reviewed in 

(210)].

Approximately 50% of nemaline myopathy patients have mutations in nebulin, and further 

insight into the role of this diverse protein is necessary [reviewed in (593)]. Over 140 

recessive variants have been identified in nebulin (499). Due to the heterogeneity of 

nemaline myopathy pathology and the large size of nebulin, it has been difficult to study the 

role of this protein in disease development. However, patients typically have reduced levels 

of nebulin leading to decreased thin filament lengths, decreased contractile force and muscle 

weakness highlighting that thin filament length regulation is necessary for proper contractile 

function (361,531,533).

NEBULETTE—Nebulette is the smaller, cardiac-specific nebulin relative (457). Unlike 

full-length nebulin, nebulette does not span the length of the thin filament. Its nebulin-repeat 

domain lies in the I-band region and its C-terminus interacts with several Z-disc-associated 

proteins (157, 271). Knockdown of nebulette decreases thin filament lengths and impairs 

beating of cultured cardiomyocytes, suggesting that, like nebulin, nebulette may also play a 

role in stabilizing the thin filament (458). Nebulette knockout mice exhibit no overt cardiac 

phenotype; however, cardiac stress genes are upregulated and Z-discs are wider indicating 

nebulette plays a role in Z-disc stability (421). Several nebulette mutations in humans have 

been associated with DCM, endocardial fibroelastosis, and cardiac failure, highlighting the 

need to learn more about the roles of this protein (575). Transgenic mice expressing the 

above mutations reveal that contractile function and calcium homeostasis are compromised 

leading to the development of DCM (410).

NEBULIN-RELATED ANCHORING PROTEIN (N-RAP)—N-RAP is exclusively 

expressed in striated muscle and is integral in promoting myofibrillar assembly 

(91,142,404,411). N-RAP is composed of a LIM domain at its N-terminus followed by 11 

nebulin-like single domains and five super-repeats; N-RAP isoforms are alternatively spliced 

from a single gene (454). The skeletal muscle isoform is termed N-RAP-s, while exon 12 is 

absent in the cardiac iso-form, N-RAP-c. In the adult myofibril, N-RAP-c is found in the 

intercalated disc, and N-RAP-s is found at the myotendinous junction (404). N-RAP binds to 

actin, talin, vinculin, and MLP (153,403) (Fig. 4). At the intercalated disc, N-RAP likely 

binds to actin filaments and is thought to maintain the stability of F-actin at the intercalated 
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disc junction. N-RAP has also been shown to increase in the early stages of DCM, indicating 

it may be an early marker in the development of disease (153).

LIM-NEBULETTE (LASP-2)—LASP-1 (LIM and Src homology 3 (SH3) Protein-1) and 

LASP-2 (LIM and SH3 Protein-2/LIM-Nebulette) are splice variants of nebulette that 

contains four unique exons from the shared nebulette gene (371, 538, 777). LASP-1 is 

expressed in non-muscle cells and is found at sites of actin dynamics such focal adhesions, 

lamellipodia, and filopodia [reviewed in (112)]. LASP-2 is expressed in low levels in 

skeletal and cardiac muscle and is found at the Z-disc where it interacts with α-actinin and 

bundles F-actin (777). In Drosophila, knockout of LASP results in decreased thin filament 

length. LASP has dual localizations at the A-band and I-band and controls proper thin 

filament spacing via interactions with both actin and myosin (162).

XIN-REPEAT PROTEINS—Xin is part of the Xin-repeat protein family of actin-binding 

proteins and is alternatively spliced into three isoforms in humans (A-C) (707). Xin is 

enriched at sites of actin filament anchorage to the plasma membrane such as myotendinous 

junctions (636). In skeletal muscle, Xin levels increase following muscle damage, and the 

degree of increase correlates with the degree of damage (494). Knockout of Xin in skeletal 

muscle results in myopathy with impaired contractile function and decreased satellite cell 

function. Loss of Xin also results in cytoskeletal instability, leading to apoptosis of satellite 

cells and an inability of the muscle to regenerate (18). Global Xin (A-C isoforms) knockout 

mice develop mild cardiomyopathy with perturbed intercalated discs suggesting that Xin is 

also an integral protein in the intercalated disc (232,530). Xin expression is being 

investigated as a marker of skeletal muscle damage, as well as of cardiomyopathies.

Tropomyosin and troponins: Key regulators of cross-bridge cycling

TROPOMYOSIN—Along with actin, tropomyosin contributes to proper sarcomeric 

function as both a structural support and as a regulatory protein. Two α-helical chains form 

coiled-coils that interact with the positively charged groove of actin filaments (718) and 

form dimers that span seven actin monomers (266, 734). These dimers interact head-to-tail 

to span the length of the thin filament (Fig. 1 and 10). Actin filament stiffness increases 

upon tropomyosin binding and this interaction inhibits thin filament depolymerization (735). 

Similarly, actin binding to tropomyosin decreases overall tropomyosin dynamics, stabilizing 

the actin-tropomyosin interaction even further (579).

The human tropomyosin family contains four genes – TPM1 (α-TPM), TPM2 (β-TPM), 

TPM3 (γ-TPM) and TPM4 (δ-TPM) that encode more than 40 alternatively spliced 

isoforms [reviewed in (199)]. α- and β-Tropomyosin are approximately 87% identical, and 

expression ratios vary based on the fiber type and developmental stage. α-Tropomyosin is 

the primary isoform expressed in cardiac and skeletal muscle, while β-tropomyosin is 

largely found in slow-twitch muscle fibers (476). α-Tropomyosin is essential for life as 

knockout of α-tropomyosin in mice is embryonic lethal (587), while overexpression of β-

tropomyosin in the mouse heart leads to diastolic dysfunction (475). To our knowledge, no 

β-tropomyosin knockout mouse has been published.
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As part of a complex with the troponins, tropomyosin regulates interactions between actin-

based thin filaments and myosin-based thick filaments to control cross-bridge cycling 

(129,546). Each tropomyosin molecule is associated with one troponin complex [TnI 

(inhibitory-blocks myosin binding to actin), TnC (binds calcium) and TnT (binds 

tropomyosin)] and seven actin monomers (Fig. 10). A study using cryoelectron microscopy 

confirmed many calculated structural predictions and highlighted interactions between a 

positively charged groove on the outer surface of the actin filament and the largely negative 

tropomyosin (718). Under conditions of low calcium, tropomyosin covers the outer domain 

of actin and blocks the myosin-binding site. In the presence of calcium, TnC binds calcium 

and mediates dissociation of TnI and a conformational shift in tropomyosin, which then 

exposes myosin-binding sites on actin (101, 365, 714) (Figs. 13 and 14). As actin binds to 

the myosin heads, it activates myosin ATPase activity, inducing a conformational change in 

the myosin protein. This movement is referred to as the “power stroke,” sliding the thin 

filament toward the M-band and leading to contraction of the muscle [reviewed in (663)]. 

Tropomyosin acts as the “gatekeeper” for force generation as its position on actin directly 

determines which of the three states actin and myosin are in (677). The three states include 

the “blocked” state where myosin cannot bind actin, the “closed” state where myosin weakly 

binds to actin, and the “open” state where myosin strongly binds to actin (431,562). It is of 

note that there are other models of contraction proposed such as the “fly-casting” model and 

a four-state model [reviewed in (304)].

Tropomyosin plays a key role in coordinated activation of the thin filament and contractile 

function [reviewed in (396)], therefore it is not surprising that mutations in tropomyosin can 

have severe effects on striated muscle function. In humans, numerous mutations in TPM1 
have been linked to familial HCM and DCM [reviewed in (676)]. Further, mutations in 

TPM2 and TPM3 have been observed in cases of nemaline myopathy (149). Tropomyosin 

mutations are found at numerous locations along the protein, and different mutations have 

different effects on the development and severity of disease. Interestingly, mutations in one 

part of the tropomyosin protein can have effects at a distance in other parts of the protein. 

For instance, a mutation at position 137 alters tropomyosin flexibility and this alteration is 

propagated along the protein (762). Discoveries like this add an additional layer of 

complexity in determining the causative nature of tropomyosin mutations.

TROPONIN COMPLEX—The troponin regulatory complex interacts with the actin-based 

thin filament and tropomyosin to modulate the actomyosin cross-bridge formation [reviewed 

in (304)] (Fig. 14). Troponin C (TnC) is the best studied of the troponin subunits, and is 

expressed in three isoforms: fast skeletal, slow skeletal and cardiac. The slow skeletal and 

cardiac isoforms are alternatively spliced from TNNC1 (644), and fast skeletal TnC is 

encoded by TNNC2 (190). TnC is largely composed of calcium-binding EF-hand motifs. 

Binding of calcium to the EF-motif leads to conformational changes allowing the N-terminal 

domain of TnC to interact with TnI (428) (Fig. 13).

Troponin I (TnI) is the inhibitory subunit of the troponin complex and is able to block 

actomyosin ATPase activity in vitro in the presence of other troponins and tropomyosin 

(363). When TnC interacts with TnI, it dissociates from actin, shifting tropomyosin to allow 

for weak binding of myosin to actin (Fig. 13). Three different isoforms of TnI are encoded 
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by separate genes: fast skeletal, slow skeletal, and cardiac (59, 685, 725). Structurally, TnI 

consists of an IT-arm, inhibitory domain, regulatory domain, C-terminal mobile domain, and 

a cardiac isoform-specific N-terminal domain [reviewed in (304)]. The calcium state of TnI 

changes its affinity for binding partners based on the binding of calcium to TnC and its 

subsequent conformational shift (366).

The third player in the troponin regulatory complex is troponin T (TnT). The role of TnT is 

to anchor the troponin complex to tropomyosin (177, 320, 674) (Fig. 13). Like TnI, TnT has 

fast and slow skeletal and cardiac isoforms. TnT is composed of an IT-arm region, an 

inhibitory domain, a switch region, and a C-terminal mobile domain (21, 48, 643, 689). The 

function of TnT is somewhat controversial. It is thought to organize the regulatory complex 

as a whole by anchoring TnC and TnI to the thin filament, however TnT may also have roles 

in muscle contraction through regulation of actomyosin ATPase activity, calcium sensitivity, 

and force generation in the sarcomere (567,745).

Hundreds of mutations in all three members of the troponin family have been identified to 

date. Interestingly, troponin and tropomyosin mutations occur in multiple locations along the 

protein and can lead to DCM, HCM, or restricted cardiomyopathy with varying degrees of 

severity [reviewed in (401,451,676)].

MYOSIN: The motor driving muscle contraction

MYOSIN—Interacting with the thin filaments, myosin acts as the molecular motor driving 

muscle contraction and is the main component of the thick filament. Myosin’s make up a 

diverse group of motor proteins with structural and functional variations seen across 18 

distinct classes—11 of which are found in humans (171). Each myosin is composed of one 

or two heavy chains and several light chain molecules. Myosin heavy chains (MHC) consist 

of three regions: N-terminal head and neck with a C-terminal tail region (Fig. 7). The 

conserved head region contains a motor domain that binds filamentous actin and drives 

actin-based movement (e.g., muscle contraction) via ATP hydrolysis. The neck region 

transduces force through its lever arm and the highly variable tail region mediates myosin 

interactions. Myosin light chains (MLC) regulate MHC motor function by binding to the 

neck region. Together, MHC and MLC coil together to form a unique macromolecular 

complex capable of driving movement in the cell.

In muscle, the conventional myosin II is the predominant class and is commonly termed 

“muscle myosin” because it is responsible for powering muscle contraction. Muscle myosin 

is a hetero-multimer composed of two MHCs and two pairs of non-identical MLCs 

[reviewed in (597,621)]. The N-terminal region of MHC interacts with two light chains to 

form the myosin head that binds actin filaments (Fig. 7). The C-terminal regions of the two 

MHCs interact in a coiled-coil double helix that forms the elongated tail [reviewed in (621)]. 

The tails of many myosin molecules pack together to form the bulk of the thick filament. 

Muscle contraction is generated by ATPase activity in the myosin head that is initiated upon 

binding to F-actin (580) (Fig. 14). The hydrolysis of ATP induces a conformational change 

in the myosin II molecule, referred to as the “powerstroke.” The effect of the myosin 

powerstroke is to pull the thin filaments toward the middle of the sarcomere resulting in 

contraction [reviewed in (663)]. ADP then dissociates and the myosin molecule returns to 
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the relaxed state (281,282) (Fig. 14). To achieve efficient muscle contraction, the interaction 

between thin and thick filaments must go unhindered.

To accommodate the difference in energy requirements between muscle groups and during 

development, multiple striated muscle MHC and MLC isoforms exist [reviewed in (584, 

728, 740)]. In cardiac muscle of small mammals (e.g., mice), MHC-β (MYH7) is the 

predominant isoform during development and is replaced by MHC-α (MYH6) in the adult 

(394). In large mammals such as humans, MHC-α is expressed during development while 

MHC-β is the predominant isoform in the adult heart [reviewed in (740)]. In failing hearts 

(mouse and human), MHC can shift to the fetal isoform as a maladaptive response to severe 

cardiovascular stress (340, 400). This fetal gene program is triggered by stress signaling 

pathways during cardiac remodeling and is believed to play a role in disease progression 

[reviewed in (144)].

Like in cardiac muscle, expression of different MHC isoforms differ during developmental 

and also in a fiber-type specific pattern in skeletal muscle. The MHC-perinatal (MYH8), 

MHC-embryonic (MYH3), and MHC-1 (MYH7, same as MHC-β seen in cardiac) proteins 

are present early in development. Once skeletal muscle fibers are restricted to a fiber type, 

MHC-1 is expressed in slow-twitch, while fast-twitch fibers express MHC-IId/x (MYH1), 

MHC-IIa (MYH2), and/or MHC-IIb (MYH4). In human fast-twitch muscle, MHC-IIb is 

present only in a very small subset of specialized muscle, but is observed to re-activate in 

limb muscle undergoing regeneration after profound degeneration (242). As seen in cardiac 

muscle, re-expression of fetal myosins occurs in regenerating muscle and during disease 

(e.g., hypothyroidism) [reviewed in (610)].

Myosin light chains are categorized as either “essential light chains” or “regulatory light 

chains.” The regulatory light chains are highly regulated by phosphorylation (Fig. 7). 

Myosin light chain kinase 2 (MYLK2) is expressed in both skeletal and cardiac muscle. 

Considered as the skeletal-myosin light chain kinase (skMLCK), it is expressed higher in 

fast twitch muscle fibers (137). Sk-MLCK phosphorylates the regulatory MLC playing a 

critical role in the potentiation of contraction in fast-twitch muscle fibers (773). Interestingly 

the skMLCK-deficient mice did not display cardiac abnormalities, although mutations in 

skMLCK are linked to HCM (23, 137, 563, 773). Myosin light chain kinase 3 (MYLK3) is 

cardiac-specific (618); cardiac-MLCK3 phosphorylates MLC2, which plays a role in 

sarcomere organization and cardiomyocyte contraction (99).

It comes as no surprise that mutations in myosin carry functional consequences and lead to 

myopathy. Mutations in myosin typically result in myosin protein aggregates that 

accumulate under the sarcolemma, muscle fiber degeneration, and/or impaired myosin motor 

function [reviewed in (669)]. The first myosin isoform associated with human disease was a 

mutation in MYH7 causing familial HCM (201). Since its identification, dominant 

mutations in MYH7 are associated with both hypertrophic and DCM, as well as a myosin 

storage myopathy called Laing distal myopathy (89,439,670). In skeletal muscle, the first 

identified skeletal myopathy was a mutation in MYH2 resulting in autosomal dominant 

myopathy (419). Mutations in skeletal MYH3 and MYH8 result in distal arthrogryposis 

syndromes (e.g., Freeman-Sheldon and Sheldon-Hall syndromes) (668,690).
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Other myosins from different classes are expressed in muscle and are associated with 

disease. Myosin VI is expressed in both skeletal and cardiac muscle (32,300). As a unique, 

unconventional myosin motor that travels toward the pointed end (−) end of actin, myosin VI 

is found mainly at the sarcoplasmic reticulum (300, 742). A point mutation, at H236R within 

the myosin VI gene is associated with HCM (453). Myosin XIIIb, another unconventional 

myosin, is expressed in both skeletal and cardiac muscle where it local-izes to the Z-disc. 

Lack of myosin XIIIb results in embryonic lethality in mice; hearts from these embryos 

display enlargement of the right atrium and disruption of myofibrillar structures at E10.5, 

characteristics commonly seen in DCM (16).

Myosin-binding proteins: Linking the thin and thick filaments

MYOSIN BINDING PROTEINS—Another component of the thick filament is the myosin-

binding protein family (MyBP). This family consists of myosin-binding protein C (MyBP-C, 

also known as C-protein) and myosin-binding protein H (MyBP-H, also known as H-

protein) (Fig. 15A). Both MyBPs are located in the C zone (A-band region containing cross-

bridges) and are restricted to transverse stripes spaced at 43nm intervals (55,130,140,207) 

(Fig. 15B).

MyBP-C is expressed in three different isoforms: a slow skeletal isoform (human gene 

MYBPC1), a fast skeletal isoform (human gene MYBPC2), and a cardiac isoform (human 

gene MYBPC3) (188,197,733). Slow skeletal MyBP-C, originally termed MyBP-X, 

encompasses four alternatively spliced variants that differ from one another via three novel 

insertions (2). While the cardiac isoform is tissue-specific, the slow and fast skeletal muscle 

isoforms are co-expressed in some skeletal muscle types (141,197,585). The slow skeletal 

isoform is also found in the right atrium and inter-atrial septum in adult mammalian hearts 

(2). There is only one isoform of MyBP-H (human gene MYBPH) expressed in the Purkinje 

fibers and fast twitch skeletal muscle fibers (20,35,651,713).

MyBPs are composed of a series of immunoglobulin and fibronectin type III repeat domains 

(Fig. 15A). MyBP-C isoforms share a core domain structure consisting of seven 

immunoglobulin and three fibronectin type III domains termed C1 through C10, a 105-

residue linker between C1 and C2 called the MyBP-C motif (M-motif), and a proline- and 

alanine-rich (PA-rich) region near the N-terminus (155, 513) (Fig. 15A). Slow skeletal 

MyBP-C splice variants have three novel insertions encoded by the retention or exclusion of 

select exons within C7 and the N- and C-terminus (2). Cardiac MyBP-C (cMyBP-C) 

isoform differs the most with the addition of an eighth immunoglobulin domain at the N-

terminus called C0 and a 28-amino acid insertion in C5 domain making it the largest MyBP 

(197,763) (Fig. 15A). cMyBP-C also contains a unique amino acid sequence—

LAGGGRRIS—within its M-motif that is functionally important (197) (Fig. 15). MyBP-H 

is the smallest isoform and contains only four domains: two immunoglobulin and two 

fibronectin type III domains similar to C7 through C10 of MyBP-C with a unique N-

terminal PA-rich region (35,713) (Fig. 15A).

MyBPs interact with the thick, thin, and titin filament systems (Figs. 5 and 7). The highly 

conserved C-terminal C10 domain of both MyBP-C and MyBP-H allows for interaction with 

myosin tails contributing to the maintenance and stability of the thick filament (298, 462, 
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469, 513). Additionally, the C-terminus binds titin and is necessary to localize MyBPs to the 

A-band (188, 205, 206, 350) (Fig. 5). The N-terminus of MyBP-C binds actin filaments, 

potentially regulating contraction by altering the actin-activated myosin ATPase activity 

(246,344,406,461,508,650), while MyBP-C’s N-terminal M-motif interacts with the S2 

region of myosin and mediates contractile regulation (228,260,652). Interaction with the S2 

region of myosin is altered when cMyBP-C is phosphorylated, affecting force generation in 

the heart (347,599,760).

Although the precise function is still being elucidated, MyBPs are involved in filament 

assembly and in regulation of contraction (228,298,469,513,627,741,756). The function of 

MyBP-C is highly regulated by phosphorylation particularly in the N-terminal PA-rich and 

M-motif regions (1,379). MyBP-C is thought to link the thick and thin filament systems and 

further regulate cross-bridge cycling by displacing tropomyosin and competing with myosin 

for actin binding [reviewed in (3,709)]. Additionally, interaction with titin allows MyBP-C 

to possibly work in concert with all of the filament systems during contraction to impact 

force development, transmission, sensing, and signaling [reviewed in (709)]. Although 

MyBP-H has not been shown to bind actin, evidence suggests it is involved in the regulation 

of contraction since it inhibits actin-activated skeletal muscle myosin ATPase in vitro (756).

As the link to the three filament systems, it is not surprising that mutations in MyBPs greatly 

affect muscle function and are often linked to striated muscle disease. In skeletal muscle, 

mutations in the slow-twitch MyBP-C isoform (sMyBP-C) are linked to cases of distal 

arthrogryposis type I (DA1), a disease characterized by congenital contractures of the distal 

limbs (231). A reduction in phosphorylation levels of sMyBP-C is associated with aging and 

diseases like DA1 and DMD (4). Knockdown of fast-twitch MyBP-C in zebrafish result in 

skeletal myopathy with elevated apoptosis, structural changes (e.g., narrower sarcomeres and 

shorter thin filaments), and muscle weakness (e.g., decrease in muscle size and force 

production) (375). Interestingly, MyBP-H is increased in the skeletal muscle from patients 

with amy-otrophic lateral sclerosis (ALS) patients (123). It is postulated that the 

uncharacteristically high levels of MyBP-H causes dysregulation in actin-myosin interaction 

and potentially can serve as a biomarker of ALS (123). Together, regulation of MyBPs 

expression and phosphorylation in skeletal muscle are critical for proper function.

In the heart, cMyBP-C is considered a key HCM disease gene (67, 730). Mutations in 

cMyBP-C result in ∼20–25% of cases of human familial HCM (491), with more than 350 

identified mutations associated with HCM [reviewed in (90)]. Many mutations in cMyBP-C 

are missense and cause truncation of the protein (67, 730). Knockout of cMyBP-C in mice 

(lacking exons 3-10) are fertile and survive to adulthood but exhibit significant cardiac 

hypertrophy, supporting cMyBP-Cs causative role in HCM (241). While the mechanism for 

how cMyBP-C causes disease is not known, evidence points to haploinsufficiency of 

cMyBP-C (417). Increasing evidence exists demonstrating that cMyBP-C plays an important 

role in cardiac function from the sarcomeric level (e.g., filament assembly and stabilization) 

to the functional level (e.g., contraction and force production).
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M-band: Cross-links Myosin Filaments and Acts as a Hub for 

Mechanosensing and Metabolism

The M-band is located at the center of the A-band. Electron microscopy reveals that the M-

band is composed of a series of three to five electron-dense M-lines: M6, M4, M1, M4′, and 

M6′ (Fig. 1C). The number and composition of lines vary by fiber type (640). Myosin-

based thick filaments are cross-linked in the M-band via “M-bridges” composed of 

myomesin. The M-band serves an important role in stabilizing the thick filaments during 

contraction, but it also contains components important for mechanosensing, proteosomal 

degradation, actin dynamics, metabolism, and signal transduction [reviewed in (277,694)] 

(Fig. 8).

Structural proteins: M-bridges stabilize myosin in the center of the sarcomere

MYOMESIN FAMILY OF PROTEINS—The myomesin protein family has three members: 

myomesin-1 (MYOM1), M-protein (myomesin-2, MYOM2), and myomesin-3 (MYOM3). 

M-protein is restricted to mature fast type II muscle fibers and the adult heart (227), while 

myomesin-1 is found in all striated muscle fiber types (505). Myomesin-3 is found only in 

skeletal muscle intermediate twitch fibers (613).

All three myomesin family members have similar domain structures. Each has a unique N-

terminal domain followed by identical immunoglobulin- and fibronectin type III-domain 

repeats (613). To date, myomesin-1 is the only isoform known to form splice variants. 

Embryonic heart (EH)-myomesin is a splice variant with a 100 amino acid insertion between 

exons 6 and 7. It is the major myomesin isoform in the developing heart until birth (7). The 

100 amino acid insert in EH-myomesin has a coiled conformation that functions like a 

molecular spring similar to the PEVK region in titin (611). In human DCM expression of 

EH-myomesin is upregulated, which results in increased M-band elasticity and further 

progression of DCM. It is unclear whether the upregulation in EH-myomesin is causal or if 

it is secondary to increased strain that eventually becomes maladaptive (612).

All myomesin family members form antiparallel homodimers through interactions called M-

bridges between the C-terminal immunoglobulin domain (357). During contraction and 

relaxation, the repeating myomesin domains are able to stretch to 2.5 times their original 

length and act as an elastic band to stabilize the M-band (694). Myomesin, like titin, acts as 

a sarcomeric stretch sensor [reviewed in (8, 9)]. Importantly, N-terminal domain 1 of 

myomesin binds to the α-helical domain of myosin, and myomesin domains 4-6 binds to 

titin’s C-terminus (506). Linking the thick filaments to titin, myomesin-1 serves as the major 

thick filament cross-linking protein, much like α-actinin in the Z-disc (10) (Fig. 9).

To date, there are no reported knockout or transgenic mice for any of the myomesin family 

members. However, data from human cardiac and skeletal myopathies suggests that 

destabilization of the M-band leads to muscle dysfunction. A myomesin missense mutation 

V1490I was identified in a family with HCM; this mutation interferes with myomesin 

dimerization (635). In addition, an aberrant splice variant of myomesin has been identified in 

myotonic dystrophy type 1 (321). RNA-binding motif 20 (RBM20), an RNA-binding protein 
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that regulates alternative splicing and is associated with DCM, has also been shown to cause 

alternative splicing in myomesin-1 (e.g., EH-myomesin), though the implication of the 

alternative splicing is unknown (408). Due to the vital importance of myomesin-1 in M-band 

stability, it is likely that more disease causing mutations or splice variants of myomesin-1 

will be discovered in the future.

Proteasomal degradation: Regulation of protein turnover is vital to maintain sarcomeric 
integrity

MUSCLE-SPECIFIC RING FINGER PROTEIN (MURFs)—MURFs make up a family 

of proteins implicated in protein turnover and regulation of contractility (Fig. 8). MURFS 

are E3 ubiquitin ligases that share common structural features: an N-terminal zinc-finger 

RING domain, a MURF family conserved (MFC) domain, a B-box region, leucine-rich 

coiled-coil domains, and an acidic C-terminal tail (96, 649). MURF1 is found in all striated 

muscle (96). MURF2 is found in the heart and at low levels in skeletal muscle (8), while 

MURF3 is associated with microtubules (649). Via their coil-coiled domain, all of the 

MURFs can either homo- or heteroligamerize (96,426). MURF1 and MURF2 bind to 

numerous myofibrillar proteins including titin (Fig. 5), nebulin, N-RAP, troponin-T, cardiac 

troponin C, myotilin, and T-Cap (749). MURF1 has been shown to ubiquitinate troponin-I 

and myosin (164,308). While protein turnover is clearly necessary to maintain the integrity 

of the many sarcomeric components, MURF1 has been identified primarily for its role in 

muscle atrophy.

MURF1 and MURF2 play key roles in atrophy. Analysis of MURF1 knockout mice reveals 

that MURF1 confers resistance to skeletal muscle atrophy by targeting proteins for 

degradation (66, 119). Both MURF1 and MURF2 are necessary for maintenance of soleus 

type II fibers as double knockout of MURF1/MURF2 mice show atrophy in this muscle 

group (466). MURF3, while associated with microtubules, may also contribute to muscle 

atrophy. Simultaneous knockout of MURF1/MURF3 in mice leads to decreased muscle 

function and resembles myosin storage myopathy characterized by accumulation of myosin 

aggregates, muscle weakness, and HCM (164, 744). While the MURF family exhibits 

differential localization, they likely work in conjunction with each other to regulate skeletal 

muscle atrophy.

In the heart, MURF1 also regulates hypertrophic signaling by inhibiting protein kinase C-ε, 

a key kinase involved in activating hypertrophy (30) (Fig. 2). Further evidence of MURF1’s 

role in hypertrophy was demonstrated when MURF1 knockout mice underwent cardiac 

hypertrophy via transaortic constriction (TAC); the hypertrophic response was exaggerated 

indicating that MURF1 plays a role in blunting the hypertrophic response. In comparison, 

MURF2 knockout mice showed no increase in hypertrophy following TAC, indicating 

MURF2 has a distinct role from MURF1 (744). In another study, double knockout of 

MURF1/MURF2 in mice resulted in severe cardiac and mild skeletal hypertrophy, which 

was not seen in the single knockout of either MURF isoform. Therefore, MURF1 and 

MURF2 are functionally redundant as only one MURF1 or MURF2 functional allele is 

necessary for normal cardiac function (748). Further evidence that MURF1 and MURF2 

regulate the hypertrophic response is that mutations in both proteins have been identified in 

Henderson et al. Page 25

Compr Physiol. Author manuscript; available in PMC 2018 April 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



human patients with HCM (658). The MURF family could be an important target for 

treatment of maladaptive hypertrophic response or atrophy.

Signal transduction: Maintaining a proper stress response in muscle

OBSCURIN—Obscurin is a giant sarcomeric protein that plays an integral role in 

myofibrillogenesis for A-band formation and myosin incorporation (332). Like titin, 

obscurin is composed of predominantly immunoglobulin and fibronectin domains, a 

calmodulin-binding site, and a Rho guanine nucleotide exchange factor domain (involved in 

G-protein coupled signaling) (764). Obscurin localizes to the Z-disc via its interaction with 

Z-disc titin (Figs. 2 and 5), while M-band localization of obscurin occurs through its 

interaction with myomesin and M-band titin (Fig. 8). Myomesin is necessary for obscurin 

localization as knockdown of myomesin by siRNA in neonatal mouse cardiomyocytes 

results in disrupted M-band obscurin (186). However, obscurin knockout mice do not show 

any disruption of the M-band, indicating it may not be essential in M-band stability (358). 

Obscurin also appears to play an important role in anchoring the sarcomere to the 

sarcoplasmic reticulum via interaction with ankyrin, as knockout of obscurin disrupts SR 

structure (358).

In cardiac muscle, obscurin localizes ankyrin B and protein phosphatase 2A (PP2A) to the 

M-band (Fig. 8). PP2A levels increase during heart failure, therefore PP2A sequestered at 

the M-band by obscurin and ankyrin-B may have potential therapeutic value (135). In 

humans, the obscurin missense mutation R4344Q, which disrupts its binding to titin, has 

been linked to HCM (28). Obscurin mutations were also found in a high percentage of 

human familial DCM samples and highlights the need to better understand obscurin’s 

function in the sarcomere (418).

MUSCLE-SPECIFIC CALPAIN-3/P94—Muscle-specific calpain-3 (CAPN3), also 

known as p94, is a calcium-dependent intracellular cysteine protease that exhibits autolytic 

activity and is expressed primarily in skeletal muscle (520, 647), while CAPN1 and CAPN2 

are ubiquitously expressed (646). Structurally, CAPN3 is composed of three regions: a 

proline-rich N-terminal sequence domain followed by unique insert sequence (IS) 1 and 2 

regions, with IS2 containing a nuclear localization sequence and a titin-binding site (646, 

647). The IS2 region binds within the titin N2A and M-band regions (Fig. 5), and the 

presence of a nuclear localization sequence provides a signaling link between the sarcomere 

and nucleus (309, 521, 680). The interaction of CAPN3 with titin suppresses its autolytic 

activity (521).

CAPN3 is also involved in the sarcomere stretch response. As sarcomeres are overstretched 

CAPN3’s binding site at titin’s N2A region (near the Z-line) is exposed and CAPN3 

translocates from the M-band to the N2A region. CAPN3 binding to the N2A region 

dissociates MARP2 from titin allowing MARP2 to translocate to the nucleus and increase 

transcription of stress-response genes (510, 512). Calpain is an important protein in 

propagating appropriate stress responses.

CAPN3 mutations are causative for limb girdle muscular dystrophy type 2A (LGMD2A) 

(247, 589). Numerous mutations have been identified with different effects on calpain 
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activity [reviewed in (519)]. For example, in humans, homozygous mutations near the 

CAPN3-titin-binding site, which lead to decreased CAPN3 protein levels, result in LGMD-

like pathology (235, 240). CAPN3 is a high value target to treat LGMD2A and possibly 

other muscular dystrophies.

Metabolism of ATP: Maintaining a sufficient pool of ATP for proper muscle contraction

MUSCLE-SPECIFIC CREATINE KINASE (M-CK)—The M-band is located near the A-

band (where cross-bridge cycling occurs), and is a critical location for localized monitoring 

and production of ATP. The vast majority of M-CK is part of a soluble pool, but 

approximately 5% to 10% is bound to the sarcomere (698). M-CK forms a dimer and 

interacts with myomesin, M-protein and FHL2 (274, 356) (Fig. 8). The primary role of M-

CK is to locally replenish ATP for cross-bridge cycling at both the M-band and the 

sarcoplas-mic reticulum calcium ATPase pump (SERCA) (729). M-CK levels decrease 

during heart failure (296). In a DCM mouse model (serum response factor knockout mice), 

insufficient levels of M-CK lead to depolymerization of actin filaments and, therefore, 

disruption of F-actin:G-actin ratios, suggesting thin filament destabilization is dependent on 

the contractile state (143). Surprisingly, M-CK knockout mice do not develop 

cardiomyopathy, likely because of compensation by mitochondrial or cytosolic creatine 

kinase (607).

OTHER METABOLIC ENZYMES AT THE M-BAND—In addition to M-CK, other 

critical enzymes in ATP production localize to the M-band (Fig. 8). Adenylate kinase is a 

phosphotransferase that generates ATP and ADP (146). In addition, the muscle isoform of 

adenosine monophosphate deaminase (AMPD) works with M-CK and adenylate kinase to 

monitor local ATP levels (238).

Enolase is a glycolytic enzyme that forms homo- or heterodimers with three subunits: α-, β- 

and γ-enolase. In cardiac and skeletal muscle, α-enolase localizes to the M-band while β-

enolase is diffuse (310) (Fig. 8). M-CK has also been shown to bind β-enolase, thereby M-

CK may serve as an anchor for glycolytic complexes on the sarcomere (172). In addition, 

phosphofructokinase (PFK) is another glycolytic enzyme at the M-band. PFK knockout 

mice have decreased ATP concentrations and develop HCM (194). Mutations in PFK are 

causative for type VII glycogen storage disease, which results in a loss of PFK activity in 

skeletal muscle and accumulation of glycogen (679). Further, the metabolic enzymes M-CK, 

adenylate kinase, and phosphofructokinase interact with FHL2, which binds to the N2B 

region of titin (Fig. 5), thus anchoring key metabolic enzymes to the M-band (Fig. 8).

Actin dynamics: Maintaining a soluble pool of G-actin to regulate actin dynamics at the 
pointed end

CYCLASE-ASSOCIATED PROTEINS (CAPS)—The main function of CAP proteins is 

to sequester G-actin. CAP1 expression is ubiquitous, while CAP2 is localized to striated 

muscle, brain, and skin. In mature myofibrils CAP2 localizes primarily to the M-band (549). 

Knockout of CAP2 in mice leads to the development of DCM and loss of a clear M-band as 

observed by electron microscopy (550), therefore CAP2 may also play a role in the stability 

of the M-band.
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COFILIN—Cofilin contributes to actin dynamics by severing F-actin to make more G-actin 

available for polymerization. Both CAP2 and cofilin-2 are localized near the highly dynamic 

thin filament pointed ends where thin filament lengths are primarily regulated. There are 

three isoforms: cofilin-1 (nonmuscle), cofilin-2 (striated muscle), and ADF (actin-

depolymerizing factor) [reviewed in (711). Cofilin-2 binds to ADP-bound F-actin and twists 

the filament to sever it [reviewed in (509)]. Cofilin-2 knockout mice display rod-shaped 

accumulations called nemaline bodies, which consist of thin filament and Z-disc proteins 

(12). Mutations in cofilin-2 have been identified in patients with nemaline myopathy, similar 

to the cofilin-2 knockout mouse, resulting in nemaline bodies and progressive muscle 

weakness (11, 507, 518). Knockdown of cofilin-2 in neonatal rat cardiomyocytes results in 

an elongation of the thin filaments, indicating a role in actin filament dynamics. Loss of the 

actin severing protein cofilin-2 leads to accumulation of F-actin resulting in longer thin 

filament lengths (339).

The Costamere: Protects against Mechanical Stress and Is an Important 

Signaling Hub

A focal adhesion is a large macromolecular complex at the interface between a cell and the 

extracellular matrix. In striated muscle, the costamere serves an analogous function to the 

focal adhesion, sharing a similar protein composition [reviewed in (504)]. The costamere 

bidirectionally and mechanically links the cytoskeleton to the extracellular matrix; it 

transmits forces from the sarcomere to the extracellular matrix (“inside-out”) and conversely 

transmits forces on the extracellular matrix to the myocytes (“outside-in”). The main 

components of the costamere are the vinculin-talin-integrin system and the dystrophin 

glycoprotein complex (Figs. 3 and 16). Intermediate filaments align the costamere with the 

M-band and Z-line [see section “Intermediate filaments: The scaffold that links the entire 

contractile apparatus to the sarcolemma and other organelles”]

The vinculin-talin-integrin macromolecular complex

VINCULIN—Vinculin is expressed in all cell types. It is localized to both the costamere 

(cell-matrix junction) and the cardiac intercalated discs (cell-cell junction) [see section 

“Intercalated discs: Specialized cardiac structures that coordinate contraction”]. In the 

costamere, vinculin is on the cytosolic side of the sarcolemma where it links actin filaments 

to the sarcolemma; the head region of vinculin binds α-actinin and talin (83, 723) (Figs. 3 

and 16). Vinculin has a N-terminal globular head, and proline-rich linker region connecting 

it to a rod-shaped tail (36,72,288,444).

Global vinculin KO is embryonic lethal in mice (755); vinculin heterozygous (HET) mice 

develop normally and are used to evaluate vinculin function in the adult heart (768). 

Vinculin HET mice progressively develop minor disruption of intercalated disc and 

costamere structure; however, there is no abnormal cardiac phenotype until hypertrophy is 

induced with TAC surgery (768). Cardiac-specific knockout (cKO) of vinculin leads to 

severely disrupted intercalated discs. Only 50% of mice survive past three months, although 

the survivors develop DCM by 4 months old (767). In depth ultra-structural analysis of 

vinculin cKO mice before the onset of cardiac dysfunction revealed that loss of vinculin 
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leads to increased myofilament lattice spacing. This, in turn, leads to increased strain and the 

eventual development of DCM (673). These results also indicate that vinculin maintains 

tension at the extracellular matrix and loss of vinculin decreases costamere tension, leading 

to Z-disc expansion and increased lattice spacing.

Proper vinculin localization and regulation is necessary for normal heart function. Vinculin 

upregulation in cardiomyocytes was seen in multiple aging models, including rhesus 

monkeys, rats, and Drosophila, indicating it may be a key regulator of cardiac function. 

Overexpression of vinculin in Drosophila increased lifespan by 150%, suggesting potential 

therapeutic value in aging human hearts (306). Increased vinculin may be beneficial by 

reinforcing the cytoskeleton. In addition, vinculin upregulation is also observed following 

increased mechanical load in cardiomyocytes (e.g., mechanical stretch) and localization is 

disrupted upon unloading, implicating vinculin as a component of mechanotransduction 

(631).

TALIN—Talin binds to vinculin (binds α-actinin), and also binds integrins, thus indirectly 

connecting integrins to the sarcomere (Fig. 16). Talin is a dimeric protein that has a globular 

head containing a FERM domain (4.1/ezrin/radixin/moesin family) and a flexible rod 

domain (208, 456). Vertebrates have two talin genes that are 74% identical at the protein 

level—Tln1 and Tln2 (623); despite similar homology Tln1 and Tln2 have distinct roles. 

Tln1 is ubiquitously expressed, and in skeletal muscle localizes to costameres and 

myotendinous junctions. Tln2 is restricted to skeletal muscle, heart, and brain (180, 459). It 

should be noted that many studies do not distinguish between the two isoforms. Global 

knockout of Tln1 in mice results in embryonic lethality due to aborted gastrulation, 

indicating that Tln2 does not compensate for loss of Tln1 (460). On the other hand, global 

knockout of Tln2 results in mice that are viable and fertile (108). Skeletal muscle-specific 

Tln1 deletion revealed that Tln1 is not required for the assembly of the myotendinous 

junction and costamere, but it is crucial for the maintenance of the mechanical integrity of 

the myotendinous junction as loss of Tln1 lead to a progressive myopathy due to 

myotendinous junction defects. While Tln2 is also abundant in skeletal muscle, it does not 

compensate for the loss of Tln1 indicating it has a distinct role (124). Talin also plays a role 

in mechanosensing; increased load in skeletal muscle results in an increased localization of 

talin at the myotendinous junction (180).

In cardiac muscle, Tln1 and Tln2 have distinct roles and are developmentally regulated 

(413). During development, both Tln1 and Tln2 are expressed. In the adult heart, Tln2 is the 

main isoform and localizes to the costamere. Compared with Tln1, Tln2 has a higher affinity 

for the predominant integrin isoform in muscle, β1D, and results in the strongest connection 

between integrins and talin in actively contracting muscles (22). Upon induction of 

hypertrophy (via phenylephrine or pressure overload) Tln1 is unregulated in the costamere, 

possibly as a compensatory response. Tln1 is also unregulated in human failing heart 

biopsies (413). Cardiac specific knockout (cKO) Tln1 mice have no alterations in costamere 

structure and normal heart function. However, following the induction of hypertrophy, Tln1 

cKO mice have a blunted hypertrophy response indicating that reduction of Tln1 levels and 

translocation to the costamere, despite its low basal expression, may have therapeutic 

potential (413).
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INTEGRINS—Vinculin and talin are tethered to the costamere via their interaction with 

integrins and serve as adaptor proteins (Fig. 16). Integrins are transmembrane glycoproteins 

that do not have kinase activity, but are bidirectional signaling receptors that communicate 

signals from outside the cell in and vice versa. The extracellular domains of integrins are 

embedded in the extracellular matrix, while the intracellular domain binds talin and vinculin 

to indirectly connect integrins to α-actinin in the sarcomere (Figs. 3 and 16). Talin binds to 

the β-cytoplasmic tail of integrins to activate them (85), and binding of talin to integrin is the 

final step in activation (667). Integrins are αβ heterodimeric proteins made from 18 α- and 8 

β-subunits that dimerize to form 24 different receptors, and there are splice variants of the 

α- and β-subunits [reviewed in (284)]. Different integrin receptor heterodimers vary 

temporally and during disease. The α5β1A subunit is prevalent in embryonic and neonatal 

cardiomyocytes, while the α7Bβ1D is the dominant isoform in postnatal and adult 

cardiomyocytes and strongly stabilizes the costamere (52,78,705). In disease states, the heart 

reverts to fetal α- and β-subunits (483, 660). In skeletal muscle, integrin isoforms vary 

developmentally with the α7Bβ1D isoform as the primary isoform in adult costameres; 

levels and isoforms are altered with exercise and in myopathies [reviewed in (145,660)].

Components of the ECM, such as collagen, laminin, or fibronectin, bind to integrins (Fig. 3) 

and activate signaling pathways, such as the IPP (ILK-PINCH-Parvin), resulting in 

expression of key genes that enable the muscle to respond to changes in stretch or load (Fig. 

16). Integrin-linked kinase (ILK) is a critical component of the mechanical stretch sensor. 

PINCH (particularly interesting new cysteine-histidine-rich protein), parvin, and ILK form a 

complex and bind to the β1-subunit of integrins (107,273) (Fig. 16). The IPP complex then 

activates signaling pathways involved in hypertrophy and resistance to apoptosis [reviewed 

in (292)].

OTHER INTEGRIN ASSOCIATED PROTEINS—Melusin (also known as ITBP1BP2) is 

a chaperone protein that activates compensatory hypertrophy responses in striated muscle. 

Little is known about the role of melusin in skeletal muscle, but its role in the heart is well 

documented. Following binding to integrins, melusin activates cardioprotective pathways 

such as AKT, ERK1/2, and atrial natriuretic protein [reviewed in (678)] (Figs. 2 and 16). In 

human heart failure patients and animal models of hypertrophy melusin levels are 

downregulated (81, 138, 148), and overexpression of melusin in mice is cardioprotective 

(699). Due to melusin’s cardioprotective effects, it is being pursued as a possible therapeutic 

for heart failure.

Focal adhesion kinase (FAK) is another important mechanosensor in both cardiac and 

skeletal muscle (Figs. 2 and 16). FAK is a tyrosine kinase that binds to the β1 integrin tail 

and activates hypertrophy and anti-apoptotic pathways in response to changes in stretch and 

load, as well as during muscle development [extensively reviewed in (219, 604)]. Kindlin-2 

is a protein that binds to the β-cytoplasmic tail and activates integrins (Fig. 16). Cardiac-

specific knockout of kindlin-2 results in embryonic lethality, however postnatal cardiac-

specific deletion led to fibrosis and heart failure indicating kindlin-2 is essential for integrin 

function (770).
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The dystrophin glycoprotein complex

The dystrophin glycoprotein complex is the second major component of the costamere. It is 

a large, heteromultimeric protein complex that connects the intracellular cytoskeleton to the 

extracellular matrix in striated muscle (Figs. 3 and 17). Perturbation of the dystrophin 

glycoprotein complex and many of its components leads to muscle myopathies. More than 

30 mouse models with various muscular dystrophy phenotypes have been generated by 

inactivating or mutating dystrophin glycoprotein complex components [reviewed in (743)].

DYSTROPHIN—Dystrophin is the primary component of the dystrophin glycoprotein 

complex, which connects the sarcolemma to the extracellular matrix. Dystrophin is made up 

of two calponin homology (CH) domains followed by a large region of 24 spectrin-like 

repeats, a cysteine-rich region containing a WW domain, two EF-hand motifs, and a ZZ 

domain (73,323,324,564). Utrophin (ubiquitously expressed dystrophin) is highly 

homologous to dystrophin and is down-regulated in adult muscle where dystrophin is 

expressed, except in myotendinous and neuromuscular junctions (63,422). Through 

interactions with actin, microtubules, and intermediate filament proteins such as syntrophin, 

dystrophin forms a link to the extracellular matrix at the costamere [(323, 324, 781), 

reviewed in (292)] (Figs. 3 and 16). Clinically, dystrophin mutations lead to DMD and 

Becker muscular dystrophy, a less severe skeletal muscle myopathy (269, 322, 536). 

Complete deletion of the dystrophin protein perturbs the assembly of the dystrophin 

glycoprotein complex and leads to the development of DMD, whereas partial deletion of the 

protein causes Becker muscular dystrophy.

DMD has been studied extensively through one model system in particular: the mdx mouse 

[reviewed in (412)]. The mdx mouse arose from a spontaneous mutation in the C57BL/10 

strain and has a phenotype comparable to human DMD (82). Mice exhibit pseudo-

hypertrophy (muscle is enlarged because it is replaced with connective tissue and fat) in 

several skeletal muscle types (39,479,548). The fibrosis and force reduction in the thoracic 

diaphragm relates closely to the human disease, though less severe (49,200,218,278,653). In 

both humans and mice utrophin is upregulated in dystrophin-deficient muscle but, unlike in 

humans, this upregulation partially rescues the dystrophic phenotype in mdx mice (207). 

The cardiac phenotype of mdx mice also translates to human DMD; ike in humans, mouse 

cardiac muscle deterioration worsens with age leading to fibrosis, decreased efficiency and 

cardiac dysfunction (312,415,490).

SARCOGLYCANS—Other components of the dystrophin glycoprotein complex are the 

sarcoglycans – a family of single-pass transmembrane proteins [reviewed in (688)]. 

Sarcoglycans help facilitate interactions with the cytoskeleton and the extracellular matrix, 

and also stabilize sarcospan [reviewed in (535)] (Fig. 16). In skeletal muscle, the α, β, γ, 

and δ family members interact to form the sarcoglycan subcomplex of the dystrophin 

glycoprotein complex; ε-sarcoglycan is homologous to α-sarcoglycan and is expressed in 

striated muscle early in development, but expression is localized primarily to non-striated 

muscle tissues in adults (158, 392, 434, 657) (Fig. 17). The extracellular domains of each 

isoform contain one to three sites for N-glycosylation. N-glycosylation is important for cell-

cell and cell-extracellular matrix interactions and is present in several cytoskeletal proteins, 
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including laminins, integrins, and cadherins [(416, 720), reviewed in (118)]. The majority of 

disease-causing sarcoglycan mutations lie within the extracellular domains (70, 71, 378, 

433, 435, 556, 592). These mutations lead to different forms of Limb-Girdle muscular 

dystrophy, with the severity dependent on the affected isoforms [reviewed in (688)].

SARCOSPAN—Sarcospan is another protein interacting with the dystrophin glycoprotein 

complex (Fig. 16). It is composed of four transmembrane domains with a large extracellular 

loop located between domains three and four (133). Able to form homooligomers, sarcospan 

interacts tightly with the sarcoglycan subcomplex and may keep other dystrophin 

glycoprotein complex proteins clustered in close proximity (134,445) (Fig. 17). Sarcospan-

deficient mice do not develop any obvious signs of striated muscle myopathy (364). 

However, sarcospan overexpression yields differing phenotypes in a dose-dependent manner. 

At low levels, sarcospan overexpression alleviates some of the muscular dystrophy 

manifestations such as muscle degeneration and necrosis seen in mdx mice, but severe 

dystrophy is observed in sarcospan transgenic mice where overexpression is approximately 

tenfold (551, 552). These findings indicate that while the levels of sarcospan are important 

for it to function properly, sarcospan may be, to a degree, functionally redundant to 

dystroglycan, as it can rescue some of the symptoms of muscular dystrophy in the mdx 
mouse.

DYSTROPHIN-ASSOCIATED GLYCOPROTEIN—Dystrophin-associated glycoprotein, 

or dystroglycan, is a heterodimeric protein that associates with the dystrophin glycoprotein 

complex (Fig. 17). Both the α- and β-dystroglycan subunits are translated and cleaved from 

the same peptide (285). The C-terminus of the transmembrane β-dystroglycan subunit lies in 

the cytosol and binds dystrophin in striated muscle or utrophin in other tissue types (295, 

423). The α-dystroglycan subunit interacts with the β-subunit on the extracellular surface 

and serves as a receptor for proteins of the extracellular matrix, such as laminin (156) (Fig. 

3).

Several diseases termed “dystroglyconopathies” are believed to be caused by abnormalities 

of the dystrophin-associated glycoproteins. Fukuyama congenital muscular dystrophy is a 

disease characterized by progressive muscle weakness and atrophy, central nervous system, 

and visual effects that affects the protein fukutin, which is thought to play a role in 

glycosylation of α-dystroglycan. Reduced expression of dystrophin-associated glycoprotein 

complex proteins has been linked to muscle-eye-brain disease, characterized by diffuse 

muscle weakness, structural brain and eye abnormalities, and scoliosis with hyperextension 

of the head. Walker-Warburg Syndrome arises from mutations in protein O-

mannosyltransferase and is characterized by severe congenital muscular dystrophy with 

severe abnormalities in the brain and eyes [reviewed in (165)].

DYSTROBREVIN—Both muscle and nonmuscle dystrobrevins are encoded by two genes

—α- and β-DB (62,393,554, 601). α-Dystrobrevin-1 and -2 are known to participate in the 

skeletal muscle dystrophin glycoprotein complex (Fig. 3). Structurally, α-dystrobrevin 

contains four major domains: two EF-hand motifs, a ZZ domain, an α-helical coiled-coil 

dystrophin-binding domain, and a tyrosine kinase substrate domain (62,601). α -

Dystrobrevin, like other members of the complex, links other cytoskeletal proteins, 
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intermediate filament proteins, and possibly nitric oxide signaling through interactions with 

syntrophin to the dystrophin glycoprotein complex (56,64,450,489) (Figs. 3, 16, and 17).

SYNTROPHINS—Syntrophins are scaffold proteins that interact with other members of 

the dystrophin glycoprotein complex (Figs. 16 and 17). Structurally, syntrophins are 

composed of an N-terminal PH (Plekstrin Homology) domain, a PDZ domain, followed by a 

second PH domain, and a unique C-terminus (6,14). Syntrophin is expressed in five known 

isoforms: α1, β1, β2, γ1, and γ2. Of the five syntrophin isoforms, α1-syntrophin is the 

primary isoform expressed in skeletal and cardiac muscle (5, 13, 14, 560) (Fig. 3). α1-

Syntrophin interacts with dystrophin, dystrobrevin, and neuronal nitric oxide synthase 

(nNOS), connecting the dystrophin glycoprotein complex to nitric oxide signaling 

(263,488,726).

Intercalated discs: Specialized cardiac structures that coordinate contraction

Intercalated discs are the main sites of interconnection between adjacent cardiomyocytes. 

Intercalated discs employ three traditional junctional contacts: adherens-, desmosomal-, and 

gap junctions [reviewed in (170)] (Fig. 18). During the last decade, however, the term “area 

composita” has been coined for larger adhering complexes; these are found in higher 

vertebrates and are comprised of traditional adherens- and desmosomal junctions (76, 176, 

557, 558). Each junctional component in a structure as complex as intercalated discs is 

stringently orchestrated to achieve the coordinated cardiac contractions through properly 

conducted electrochemical and mechanical signals. Arrhythmogenic or degenerative 

cardiomyopathies are observed when electrical and mechanical couplings in intercalated 

discs are defective [reviewed in (496)].

Adherens junctions (fasciae adherentes)—Adherens junctions serve as the anchor 

sites for myofibrillar actin filaments, as well as the mechanical coupling platforms for 

adjacent cardiomyocytes (170). Adherens junctions bridge the opposing plasma membranes 

across ∼20 nm intercellular distances and transmit contractile force from one cardiomyocyte 

to another [reviewed in (436, 496)]. The classical adherens junctions contains two 

components: a transmembrane component composed of cadherin proteins (e.g., N-cadherin) 

which links neighboring cardiomyocytes together, and a cytoplasmic plaque component 

composed of catenin proteins (e.g., α- and β-catenins) through which adherens junctions 

connect to the actin cytoskeleton (436) (Fig. 18).

N-CADHERIN: The classical vertebrate cadherins are single-pass transmembrane proteins 

that mediate calcium-dependent cell-cell adhesion at adherens junctions. These proteins 

contain a prodomain, five extracellular cadherin (EC) repeats with calcium-binding motifs, a 

transmembrane domain, and a cytoplasmic domain that interacts with catenins [reviewed in 

(630)]. Even though there are about 20 classical cadherins, N-cadherin is the prominent 

cadherin expressed in myocardium (436, 630, 716). Activated by calcium, the EC repeats of 

N-cadherins from opposing membranes join together over a distance of up to 0.5 μ in a 

homophilic manner (436, 496). Cardiac-specific knockout of N-cadherin (CDH2) results in 

mice with loss of intercalated disc structures, impaired cardiac function with modest DCM, 

and rapid onset ventricular tachyarrhythmia followed by sudden cardiac death (333).
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CATENIN PROTEINS: Catenin proteins fall under two categories: armadillo (arm) 

domain-containing catenins (e.g., β-catenin) and vinculin homology domain-containing 

catenins (e.g., α-catenin). The highly conserved β-catenin protein found in adherens 

junctions contain a central domain comprised of 12-13 helical arm repeats that interact with 

N-cadherin. The N-terminal region has an α-catenin-binding site, while the C-terminal 

region contributes to transcriptional activity in the canonical Wnt signaling pathway (630, 

716). Global knockout of β-catenin is embryonic lethal due to its requirement for ectodermal 

cell layer formation during mammalian gastrulation (236). In cardiac-specific β-catenin KO 

mice, γ-catenin (plakoglobin protein primarily found in desmosomal junctions, see later) 

expression is upregulated to achieve normal cardiac development and function (774). 

Cardiac-specific loss of both β- and γ-catenin proteins results in gap junction remodeling, 

intercalated disc disassembly, and subsequent ischemic cardiomyopathy followed by sudden 

cardiac death (664). These results suggest functional redundancy within β- and γ-catenin 

proteins.

There are three mammalian α-catenin proteins: ubiquitously expressed αE-catenin (which is 

essential for early embryonic development), cardiac-specific αT-catenin, and neural tissue-

specific αN-catenin. Cardiac-specific αE-catenin KO mice, as well as αE-catenin 

heterozygous-null mice, exhibit significantly higher susceptibility of cardiac rupture after 

ischemia [reviewed in (715)]. Homozygous αT-catenin-null mice are viable and fertile; 

however, they are highly susceptible to progressive DCM and ischemic cardiomyopathy. 

Furthermore, reduced expressions of plakophilin-2, a desmosomal protein with a unique αT-

catenin-binding site, and connexin-43, the most abundant gap junction protein, are observed 

in intercalated discs of αT-catenin-null mice, revealing the cooperative roles of junctional 

proteins in maintaining the structure and function of intercalated discs (374).

Desmosomal junctions (Desmosomes; Maculae adherentes)—As with adherens 

junctions and actin cytoskeleton, interactions of desmosomal junctions with the intermediate 

filaments confer mechanical strength to cardiomyocytes. Desmosomal junctions, like 

adherens junctions, are composed of a transmembrane component (e.g., desmosomal 

cadherins) that provides connection across 20 to 35 nm intercellular space, and a 

cytoplasmic plaque component (e.g., armadillo proteins) that links to the intermediate 

filament system through intracellular connections [reviewed in (139,496)] (Fig. 18). 

Mutations in genes encoding desmosomal proteins are associated with inherited autosomal 

dominant diseases, such as arrhythmogenic right ventricular cardiomyopathy [reviewed in 

(86,248)].

DESMOSOMAL CADHERINS: Desmosomal cadherins (desmogleins and desmocollins) 

are single-pass transmembrane proteins that interact in a heterophillic manner to connect 

two half-desmosomes from adjacent cells. Structurally, desmogleins and desmocollins are 

composed of five highly conserved EC repeats that contain calcium-binding sites, a cell 

adhesion recognition site, intracellular and extracellular anchor regions, and an intracellular 

cadherin-like sequence (630). Desmogleins also contain a short leucine-rich region and a 

repeat unit domain at the C-terminal end (493). Desmocollins are alternatively spliced into 
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longer ‘a’ isoforms and shorter ‘b’ isoforms that lack the intracellular cadherin-like 

sequence [reviewed in (139)].

Seven human desmosomal cadherins are classified into four desmogleins (DSG 1-4) and 

three desmocollins (DSC 1-3) [reviewed in (224)]. A variety of human heart and skin 

diseases are observed when desmosomal cadherins are disrupted (590). Mutations in human 

DSG2 and DSC2 genes result in either ARVC or Naxos disease characterized by ARVC, 

palmoplantar keratoderma, and woolly hair (33,60,261,559,590,665).

ARMADILLO PROTEINS: Plakoglobin (γ-catenin), and plakophilin are both members of 

the armadillo (arm) protein family, and serve as the linkage between the transmembrane and 

cytosolic components of desmosomal complex. Plakoglobin is composed of 12-13 central 

arm repeats flanked by largely unstructured N- and C-terminal tails (279, 727). Plakoglobin 

is primarily localized to desmosomes due to its higher affinity for desmosomal cadherins 

than for classical cadherins (113). Without plakoglobin, desmosomal structure is disrupted 

leading to death by cardiac rupture (596). Loss of the C-terminal tail of plakoglobin leads to 

Naxos disease (432,497).

Plakophilin is a sickle-shaped protein composed of nine super-helical armadillo repeats, 

each composed of three α-helices, with a flexible bend between the fifth and sixth repeats 

(114). There are three human plakophilin isoforms; plakophilin-2 (PKP2) is the only isoform 

detected in the myocardium (176,441). Among all desmosomal genes, mutations associated 

with defective PKP2 are the most common associated with ARVC patients (203,710).

DESMOPLAKIN: Desmoplakin is another integral component of the desmosomal 

complex, linking the cytosolic desmosomal plaque to intermediate filament proteins (e.g., 

desmin) (301, 302). Desmoplakin is made up of a central coiled-coil rod separating the 

globular N- and C-terminal head domains. Each head domain is made up of two pairs of 

spectrin repeats separated by a Srchomology domain (293). The N-terminal domain binds 

the desmosomal plaque (75, 625, 641, 693). The C-terminal tail contains three plakin repeat 

regions that may bind intermediate filaments (115).

Gap junctions (Maculae communicantes; Nexuses)—While adherens- and 

desmosomal junctions enable mechanical coupling between adjacent cardiomyocytes, gap 

junctions allow conductance of electrochemical signals via passive diffusion. Gap junctions 

are low-resistance intercellular channels that allow the direct passage of ions and small 

molecules (up to 1 kDa) between adjacent cells in the myocardium, enabling incredibly fast 

propagation of electrical impulses through the cytoplasm. Irregular gap junction organization 

and subsequent improperly regulated electrochemical signals often lead to cardiac 

arrhythmias [reviewed in (169,217,496)].

CONNEXINS: Twenty-one members of the connexin family of proteins provide the 

structural basis for gap junctions. Six connexin subunits, of either homotypic or heterotypic 

nature, make one connexon hemi-channel, and two connexons from apposing membranes 

adjoin to form a channel within the gap junction structure of up to 3.5 nm in diameter (217, 
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496) (Fig. 18). Three connexin (Cx) proteins are expressed in mammalian hearts: Cx40, 

Cx43, and Cx45.

Connexin 40 and Cx45 exhibit overlapping expression patterns, especially in the 

atrioventricular node and His bundle branches, and appear to contribute in cardiac 

morphogenesis and conduction of electrical signals (343, 626). Cx43 is the best studied and 

the most abundantly expressed cardiac connexin protein, especially in adult ventricular 

myocardium. Therefore, it is not surprising that abnormal Cx43 expression (often followed 

by intercalated disc remodeling) is detected in various types of progressive cardiomyopathy 

[reviewed in (169)]. However, altered connexin expressions, not limited to that of Cx43 

alone, at both transcript and protein levels are detected in congestive heart failure patients – 

upregulated Cx43 in HCM, downregulated Cx43 in DCM, and upregulated Cx40 and 

downregulated Cx43 and Cx45 in ischemic cardiomyopathy (150, 169). Cx43 has many 

well-established interacting partners, such as cadherins, catenins, and Srckinases. Cx43 is 

also shown to associate with the actin and microtubule cytoskeletons via its respective direct 

interactions with zona occludin and tubulin proteins [reviewed in (204)] (Fig. 18).

Myotendinous Junction: A Specialized Skeletal Muscle Complex That Is 

Important for Transmission of Force

In addition to the costamere, skeletal muscle also has the myotendinous junction to transmit 

mechanical force. Both the costamere and myotendinous junction share similar protein 

components. The myotendinous junction lies at the interface between skeletal muscle and 

the tendon; it is important for force transmission and subsequent locomotion. 

Ultrastructurally, thin filaments from the terminal Z-lines are bundled through protein 

interactions and interface with the muscle membrane via the sarcolemma [reviewed in 

(102)]. The sarcolemma interacts with collagen IV and laminins that are enriched in the 

basement membrane (31) (Fig. 3). At the myotendinous junction, finger-like interdigitations 

and a highly invaginated membrane greatly increase the contact area and therefore the 

structural integrity of the junction under stress and tension (17,481,482,692).

There are two major structural linkages that connect the sarcomere to the myotendinous 

junction. The α7β1 integrin complex is enriched at the myotendinous junction (45, 449). 

Loss of the α7 protein leads to a congenital myopathy in mice and humans affecting the 

myotendinous junction (251, 424). The second involves the dystrophin glycoprotein 

complex. Laminin 211 (also known as merosin) is a common component between the two 

linkage systems; it is the primary isoform in the adult skeletal muscle basement membrane 

(154, 606). Mutations in the LAMA2 gene, which encodes laminin 211, cause merosin-

deficient muscular dystrophy (237,253,753).

Intermediate Filaments: The Scaffold That Links the Entire Contractile 

Apparatus to the Sarcolemma and Other Organelles

Intermediate filaments maintain the integrity of muscle cytoarchitecture and provide 

mechanical strength to the cell (Fig. 3). These filaments are composed of proteins that are 
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grouped into six types (types I-VI) based on similarities between their amino acid 

sequences. Proteins from each of the six types are expressed in muscle with desmin being 

the best-studied major muscle-specific intermediate filament protein. Each intermediate 

filament protein consists of an N-terminal head and a C-terminal tail, with a central rod 

domain that coils together to form a dimer between similarly grouped proteins. These dimers 

associate in either parallel or antiparallel homo-or hetero-oligomers that are highly regulated 

both spatially and temporally. The detailed molecular interactions between intermediate 

filaments and other cytoskeletal proteins are still being elucidated, as are their emerging 

roles in striated muscle diseases.

DESMIN

Desmin is a type III intermediate filament protein found more abundantly in heart muscle 

(2% of total protein) than in skeletal muscle (0.35% of total protein) (568). Desmin is 

expressed early in myofibrillogenesis where it aids in establishing the sarcomere (187, 259, 

305, 608). Desmin is found at the periphery of Z-discs where it forms a network made from 

either homopolymers (e.g., desmin only) or heteropolymers (e.g., desmin with vimentin, 

nestin, synemin, or paranemin) (54,220,362,524,616,761). The desmin network links the Z-

discs of adjacent myofibrils to each other and to the sarcolemma, as well as to the 

mitochondria and nucleus (53,54,440,447,586) (Figs. 2 and 3). Desmin is also found at the 

M-band where it laterally aligns myofibrils (569). Overall, desmin and its network provide 

structural stability essential for proper cellular function.

Desmin interacts with many cytoskeletal proteins [see section “Other intermediate filament 

proteins/desmin-binding partners”]. As previously mentioned, heteropolymers between 

desmin and other intermediate filament proteins form the network that provides structural 

stability throughout the cell (54, 220, 362, 524, 616, 761) The desmin network indirectly 

links to the membrane adhesion complexes via syncolin and synemin (254, 425, 450, 616). 

Desmin also directly links to the membrane adhesion complexes via interactions with 

spectrin and ankyrin (359) (Fig. 3). In addition to its Z-disc localization, interaction with 

skelemin (a splice variant of myomesin) localizes desmin to the M-band, while interactions 

with plectin link desmin to the costamere (329,569) (Fig. 3). Desmin’s ability to interact 

with all of these proteins is ablated during differentiation and apoptosis by the proteolytic 

activity of caspase-6, calpain, and cathepsin B (47,106,487).

While many of desmin’s interactions contribute to its structural role in the cell, desmin also 

plays a role in cellular signaling [reviewed in (267)]. The dystrophin-associated protein 

complex involvement in mechanotransduction suggests desmin’s interaction with syncoilin 

and α-dystrobrevin allows for localized mechanical stress signaling through the sarcolemma 

(346, 450, 565) (Fig. 3). Myospryn (also known as CMYA5) interacts with desmin (Fig. 3), 

influencing vesicle trafficking, organelle biogenesis and/or positioning, and phosphorylation 

in response to changes in muscle activity (313, 337). Through calcium-binding proteins, 

S100A1 and S100B, desmin can influence calcium homeostasis (193, 571, 717). Lastly, 

desmin may play a role in regulating gene expression through MyoD and MLH1 (MutL 

Homolog 1) (79,372). Therefore, in addition to desmin’s network forming the scaffold that 

stabilizes the cell, desmin also regulates cell homeostasis and survival.
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Interestingly, with desmin as one of the earliest muscle-specific proteins detected during 

myofibrillogenesis, desmin knockout mice are fertile and undergo muscle differentiation, 

cell fusion, and muscle maturation normally (376, 448). However, after birth, mice devoid of 

desmin develop myofibril misalignment, costamere disruption, loss of nuclear shape and 

positioning, abnormal mitochondria, and impairment of force generation (37, 376, 383, 448, 

503, 629, 682, 739). Therefore, although desmin is important for proper sarcomeric structure 

and function, it does not appear to be fundamentally necessary during muscle development 

in vivo. The lack of detectable abnormalities early on could be attributed to additional 

proteins that also aid in establishing the sarcomere (e.g., titin), as well as the contribution of 

keratins, which stabilize the costamere even in the absence of desmin (187, 259, 305, 503, 

608). While desmin’s function in maintaining the structural integrity of the cytoskeleton has 

been established, study of desmin’s role in both skeletal and heart disease, known as 

desminopathies, continues to grow.

Desminopathies are the result of disorganization of desmin filament networks, largely seen 

as insoluble desmin-containing aggregates that accumulate in the subsarcolemmal space 

[reviewed in (120)]. Typically, mutations in desmin that interfere with binding to its partners, 

particularly the desmin chaperone protein αB-crystalline (Fig. 3) or intermediate filaments 

synemin and syncoilin, result in desmin-containing aggregates (213, 276, 515, 614). Onset 

of desminopathies range from childhood to late adulthood and present with mild-to-severe 

skeletal and cardiac myopathy [reviewed in (34)]. While many studies have provided insight 

into the complex pathophysiology of this disease, treatment options remain limited and 

further research is still needed.

Other intermediate filament proteins/desmin-binding partners

VIMENTIN and NESTIN—Desmin interacts and co-localizes at the Z-disc with an 

assortment of other intermediate filament proteins. During development, desmin’s 

interaction with vimentin (a type III intermediate filament protein) and nestin (type IV) are 

important for establishing the cytoskeletal network that stabilizes the cell (220, 369, 619, 

638). In mature myocytes, vimentin and nestin are expressed at very low levels, though their 

expressions are elevated in regenerating skeletal muscle fibers in response to both injury and 

disease (e.g., dystrophic and inflammatory myopathies) (58,74,192,637,703).

PARANEMIN, SYNCOILIN, AND SYNEMIN (DESMUSLIN)—Later in development, 

the intermediate filament proteins paranemin (type IV), syncoilin (type III), and synemin 

(type IV) are expressed, and function to stabilizing the desmin intermediate filament 

network of mature myocytes, especially during stress (221). Paranemin functions in the 

organization of desmin intermediate filament networks, whereas syncoilin and synemin link 

desmin and its network to the dystrophin protein complex via interaction with α-

dystrobrevin (254, 425, 450, 616) (Fig. 3). Synemin also plays a role in regulating 

hypertrophic signaling via interaction with protein kinase A (377). While the interaction of 

desmin with other intermediate filament proteins are necessary to maintain proper function 

within the cell, further research needs to be done to better elucidate the molecular role of 

these interactions in disease.
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KERATINS—Keratins, originally termed cytokeratins, were renamed in 2006 to incorporate 

novel genes uncovered in the sequencing of the human genome (617). Keratins are 

composed of two of the six types of intermediate filament proteins: type I (acidic) and type 

II (basic/neutral). In striated muscle, keratins 8 (type II), 18 (type I), and 19 (type I) are the 

best characterized. Filaments composed of keratin 8 and 19 contribute to linking the 

contractile apparatus at both the peripheral Z-discs and M-bands to the sarcolemma (503) 

(Fig. 3). This link involves interactions between the costameric dystrophin-dystroglycan 

complex (via binding of dystrophin) to keratin 19 (654, 700). Knockout of keratin 19 in 

mice results in disruption of costameres and an increase in spacing between the sarcolemma 

and the contractile apparatus. This causes an accumulation of mitochondria, a decrease in 

contractile force, and a mild skeletal myopathy (399, 628, 655). Therefore, keratin 19 is 

considered important in costameric organization and regulating the distribution of 

mitochondria in myocytes. Loss of keratin 19 results in symptoms similar to those observed 

in facioscapulohumeral muscular dystrophy and, via its binding to dystrophin, may play a 

role in muscular dystrophy (399, 628, 655). In addition to keratin 8/19 filaments, keratin 

8/18 filaments are present in striated muscle. Upregulation of tumor necrosis factor-alpha 

(TNFα), a proinflammatory cytokine, leads to ectopic expression of keratin 8/18 filaments at 

the intercalated disc in hearts after tissue injury; this expression results in a cardioprotective 

effect by maintaining the intercalated disc structure and mitochondrial integrity in 

cardiomyocytes (541). Taken together, keratin filaments play an important role in 

maintaining myocyte integrity, mechanotransduction, and in diseases (such as heart failure 

and muscular dystrophy).

NUCLEAR LAMINS—Lamin is a type V intermediate filament protein that makes up the 

inner nuclear membrane that create a meshwork essential for nuclear architecture. 

Additionally, lamins provide attachment sites for intranuclear proteins (e.g., emerin, 

nesprin-1, nesprin-2), as well as influence chromatin organization and nuclear metabolism 

(61,239,769) (Figs. 3 and 19). Lamins are ubiquitously expressed and grouped into two 

types: A-type lamins consists of lamin A and C, which are developmentally regulated splice 

variants of the LMNA gene, and B-type lamins consist of B1 and B2 expressed from the 

LMNB1 and LMNB2 genes, respectively (166, 429, 553, 591, 721). With the growing 

number of muscle diseases associated with the nuclear lamina, known as “laminopathies,” a 

plethora of research is focused on the role of lamins and lamin-binding proteins in disease.

The first identified laminopathy was a mutation in emerin, a lamin A-interacting protein, 

causing X-linked Emery-Dreifuss muscular dystrophy (EDMD) (61, 712). Since then, the 

majority of laminopathies identified are associated with mutations in A-type lamins (e.g., the 

LMNA gene), including Emery-Dreifuss muscular dystrophy, DCM type 1A, limb-girdle 

muscular dystrophy type 1B, and congenital muscular dystrophy (68, 159, 471, 577). A 

variety of mouse models has been created to examine the role of A-type lamins. For 

example, A-type lamin knockout mice, which express a C-terminally truncated lamin A 

product, exhibit reduced growth rate and present with skeletal muscle dystrophy and DCM 

before dying around eight weeks after birth (291, 492, 659). The disease progression in this 

model is consistent with skeletal muscle wasting and cardiomyopathy seen in human Emery-

Dreifuss muscular dystrophy patients [reviewed in (69)]. In addition to emerin and lamins, 

Henderson et al. Page 39

Compr Physiol. Author manuscript; available in PMC 2018 April 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



nesprin-1 and -2 are also associated with Emery-Dreifuss muscular dystrophy, as well as 

other muscle diseases, but little is known about their function [reviewed in (92)].

Overall, it is clear that lamins (especially A-type lamins) and lamin-binding proteins are 

important for proper nuclear function. Although the pathophysiology remains unclear, two 

leading hypotheses have emerged: the mechanical stress hypothesis and the gene expression 

hypothesis [reviewed in (103)]. In the mechanical stress hypothesis, evidence suggests that 

disrupting the interaction of lamin with desmin leads to a loss of cytoskeletal tension and 

therefore, defective force transmission throughout the myocytes (492). Alternatively, in the 

gene expression hypothesis, lamin and its binding partners are required for nuclear assembly 

and regulate gene expression via interactions with DNA, chromatin, histones, and 

transcription factors [reviewed in (573)]. While the molecular mechanisms contributing to 

disease progression in laminopathies remains unclear, the data supporting these two 

hypotheses provide insight and may not be mutually exclusive in how lamins contribute to 

the development of disease.

Conclusion

The intricately designed striated muscle is composed of diverse cytoskeletal assemblies. 

Coordination between the sarcomere, the basic contractile unit, and the complex cytoskeletal 

network is essential for muscle contraction. In this review, we have discussed the 

cytoskeletal assemblies composed of a plethora of structural and regulatory molecules that 

work together to produce contractile activity. With tremendous advances in technology, 

especially with respect to mass spectroscopy and proteomics, it is inevitable that numerous 

other important muscle proteins will be identified. Many sarcomeric cytoskeletal proteins 

have functional mutations that lead to disease, which emphasizes their importance in normal 

muscle function. Therefore, a basic understanding of their function provides insight into the 

mechanisms of disease. Identifying disease-causing mutations in cytoskeletal genes is 

imperative, and focus is now being placed on the power of genetics. Genome-wide screens 

and genetic testing of patients at risk of developing disease allow earlier intervention and 

slowing of disease progression as well as personalized regimens for treatment [for 

discussion see: (675)].

New therapeutics are being developed in an attempt to attenuate the expression of mutant 

alleles to stop or slow down the progression of myopathies. For example, an exciting 

approach for treating myopathies is genome editing. The CRISPR/Cas9 (clustered regularly 

interspaced short palindromic repeats/CRISPR-associated protein 9) system is a method to 

potentially remove disease-causing mutations, termed “myoediting” [reviewed in (724)]. 

Preliminary testing in the DMD mdx mouse model shows that myoediting increased 

dystrophin expression and resulted in increased muscle strength (395,486,666,754).

It is becoming clear that an oversimplified view of myopathies is that a single gene mutation 

leads to disease. Additionally, effect(s) of mutations may not occur at the site of mutation. 

For instance, the helical nature of tropomyosin results in structural effects of mutations seen 

“at a distance” [reviewed in (676)]. More research is also needed into possible 

environmental factor or epigenetic factors that affect the penetrance of mutations. One such 
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epigenetic factor that has shown promise is microRNAs (miRNA)—small noncoding RNAs 

that modulate gene expression. miRNAs have been identified to play a key role in heart 

failure and may be a potentially useful prognostic marker in cardiovascular disease, as well 

as in skeletal myopathies [reviewed in (151,314)].

Research continues to demonstrate that striated muscle is a uniquely balanced machine 

dependent on the interconnection of multiple cytoskeletal assemblies for proper function. 

With the emergence of new technologies, discovery of new integral components and 

dissection of the causes of myopathies at the molecular level—it is exciting to envision what 

the next discoveries in the cytoskeletal muscle field will be. Further investigation of the 

basic properties of striated muscle proteins is still essential to provide a better understanding 

of the physiological functional properties of individual muscle proteins and how they 

contribute to unique cytoskeletal assemblies in health and disease.
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Didactic Synopsis

The major cytoskeletal assemblies discussed are:

– Sarcomere—basic contractile unit of striated muscle

– Costamere—connects sarcomere to cell membrane and functions to protect 

against mechanical stress

– Interacalated disc—specialized junction between cardiomyocytes that 

functions to coordinate contraction

– Myotendinous junction—interface between skeletal muscle and tendon. Has 

role in force transmission

– Intermediate filaments—scaffold that links the contractile apparatus to the 

sarcolemma and other organelles

Each section introduces a cytoskeletal assembly, discusses the protein components and 

interactions, signaling pathways, functions, and connections to disease.
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Figure 1. 
(A) Schematic representation of a cardiac sarcomere (lacking nebulin) illustrating the three 

major filament systems: actin-based thin filaments (gray), myosin-based thick filaments 

(blue), and titin (pink). The lateral boundaries of the sarcomere are the Z-discs. The I-bands 

surrounds the Z-disc and is a region where thin filaments are not superimposed by thick 

filaments. The A-band region contains thin filaments and thick filaments. The M-band falls 

within the H-zone, where thick filaments do not interdigitate with thick filaments. (B) 

Electron micrograph of skeletal muscle sarcomere. (C) Enlarged view of the M-band region. 

The M-band is composed of a series of three to five electron-dense M-lines: M6′, M4′, M1, 

M4, and M6. [Part A modified, with permission, from (255); Parts B and C modified, with 

permission, from (9).]
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Figure 2. 
Z-discs define the lateral edge of the sarcomere, and also participate in numerous cellular 

processes including signal transduction and protein turnover. Abbreviations: FAK, focal 

adhesion kinase; γ-filamin, also known as Filamin C; FHL, four-and-a-half LIM domains 

protein; ERK, extracellular signal-regulated kinase; MLP, muscle LIM protein; ALP, actin-

associated LIM protein; PKCε, protein kinase C epsilon; MuRF, muscle-ring-finger protein; 

ENH, enigma-homolog protein; NFAT, nuclear factor of activated T-cells; MAFbx, muscle 

atrophy F-box (striated muscle-specific E3 ubiquitin ligase) protein; GATA4, GATA 
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sequence-binding zinc-finger transcription factor 4. [Fig. modified, with permission, from 

(175).]
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Figure 3. 
Schematic representation of the intermediate filament (IF) scaffold in striated muscle. The IF 

scaffold, predominantly composed of desmin (yellow), links the entire contractile apparatus 

to the sarcolemma and other organelles, such as the nucleus, mitochondria, lysosomes, and 

potentially the sarcoplasmic reticulum (SR). Desmin interacts with many other proteins 

including synemin, paranemin, syncoilin, and myospryn. Keratins (K8/K19) link the 

contractile apparatus to the sarcolemma and interact with the dystrophin-dystroglycan (DG) 

complex. Overall, the IF scaffold helps maintain the integrity of muscle cytoarchitecture and 
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provide mechanical strength to the cell. Abbreviations: MLP, striated muscle-specific LIM 

protein; SG, sarcoglycan. [Fig. modified, with permission, from (88).]
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Figure 4. 
MLP (muscle LIM protein) is a functionally diverse, multicompartment protein. MLP 

interacts with β1 spectrin, zyxin, and integrin-linked kinase (ILK) in costameres and plays a 

role in force transmission. MLP also binds to α-actinin to help stabilize the Z-disc. At the 

intercalated discs, MLP binds to N-RAP. MLP acetylated by HDAC4 [histone 

acetyltransferases (HATs) and deacetylases] and PCAF (P300/CBP-associated factor) 

enhance calcium sensitivity and increase contractile function. In addition, MLP and cofilin 

form a complex and regulate actin dynamics. MLP is an important stretch sensor. The MLP/

titin/telethonin (T-Cap) complex plays a key role in stretch-induced signaling. MLP 

translocates to the nucleus and interacts with transcription factors, which regulate 

myogenesis [e.g., MyoD, myogenin and MRF4 (muscle-specific regulatory factor 4)]. [Fig. 

reprinted, with permission, from (84).]
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Figure 5. 
Schematic representation of the titin domain structure and localization of its binding partners 

in striated muscle. Titin is a huge protein that spans half a sarcomere from the Z-disc to the 

M-line region. The N-terminal region of titin inserts into the Z-disc, and many of the 

interaction in this region contribute to mechanosensing, structural integrity, and force 

transmission. I-band titin contains elastic elements, which play a critical role in passive 

tension. The A-band region binds to myosin and MyBPc, linking the myosin-based thick 

filaments to titin. M-band titin is important to both structural support and signaling. 

Abbreviations: sAnk1, small-ankyrin-1 isoform; FHL1 and 2, four-and-a-half-LIM-domain 

protein-1 and -2; PKG and PKA, protein kinase-G and -A; MARPs, muscle ankyrin repeat 

proteins; CARP, cardiac ankyrin repeat protein; ankrd-2/Arpp, ankyrin repeat domain 2; 

DARP, diabetes-related ankyrin repeat protein; S100A1, S100 calcium-binding protein A1; 

MyBPC, myosin-binding protein-C; MURF-1 and MURF-2, muscle-specific RING-finger 

protein-1 and -2; FN3, fibronectin type 3 like domain; Ig-like, immunoglobulin-like domain; 

N2-bus, N2-B-unique sequence; PEVK, titin region rich in proline (P), glutamate (E), valine 

(V), and lysine (K). The following titin-binding proteins were not discussed in this review: 

HSP27, heat shock protein-27; Smyd2, SET and MYND domain-containing protein-2; 

mHSP90, methylated heat shock protein-90; Nbr1, neighbor of BRCA1 gene-1; Bin-1, 

bridging integrator-1 [see (105) for discussion of these proteins]. [Fig. reprinted, with 

permission, from (105).]
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Figure 6. 
Schematic representation of nebulin domain structure and localization of binding partners in 

striated muscle. Nebulin is a large protein that interacts with a multitude of sarcomeric 

proteins including: capZ, titin, myopalladin, α-actinin, and desmin at its C-terminus in the 

Z-disc; tropomyosin, troponins, myosin, calmodulin, actin, and myosin-binding protein C 

(MyBPC) along its 22 seven-module super-repeats (blue); and tropomodulin at its N-

terminus, though this interaction is likely transient. These protein interactions have given 

rise to two similar yet distinct functional models—as a molecular ruler and as an actin 

stabilizer. Archvillin is not discussed in this review. [Fig. modified, with permission, from 

(330).]
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Figure 7. 
Schematic drawing of thin and thick filament interactions in striated muscle highlighting the 

major myosin regulatory proteins. Muscle contraction is dependent on the interactions 

between myosin-based thick filament via the head domain and actin-based thin filament. 

Thick filament regulatory proteins—myosin essential light chain (ELC), myosin regulatory 

light chain-2 (MLC2v), and myosin-binding protein C (MyBP-C)—control muscle 

contraction. MyBP-C interactions with actin, the myosin rod domain, MLC2v, and titin are 

depicted. The dashed circle is a magnified view highlighting (i) MyBP-C interaction with 

MLC2v located in the neck domain of myosin, (ii) the actin and MgATP-binding sites 

located within the myosin head domain, and (iii) MLC2v phosphorylation (Ser14/15) site 

important in promoting actin-myosin interactions. Abbreviations: Tm, tropomyosin; TnT, 

Troponin T; TnI, Troponin I; TnC, Troponin C. [Fig. modified, with permission, from 

(633).]
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Figure 8. 
The sarcomeric M-band contains components important for mechanosensing, proteosomal 

degradation, actin dynamics, metabolism, and signal transduction. Myomesin is a key 

structural protein of the M-band. MURFs (muscle-specific ring finger protein) are 

multifunctional proteins that ubiquitinate certain myofibrillar proteins, play a key role in 

muscle atrophy and regulate hypertrophic signaling. Obscurin interacts with ankyrin and 

anchors the sarcomere to the sarcoplasmic reticulum; ankyrin and obscurin also sequester 

PP2A (protein phosphatase 2A) to the M-band. FHLs (four-and-a-half LIM proteins) bind to 
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titin’s N2B spring region and activate downstream signaling pathways, thus serving as an 

important mechanosensor that triggers hypertrophy in response to strain. FHL2 also docks 

important metabolic enzymes such as the metabolic enzymes muscle-specific M-CK 

(creatine kinase), AK (adenylate kinase), and PFK (phosphofructokinase). M-CK anchors 

the glycolytic enzyme β/α-enolase to the M-band. The muscle isoform of AMPD (adenosine 

monophosphate deaminase) works with M-CK and AK to monitor local ATP levels. Other 

proteins identified at the M-band, but not discussed in this review include SmyD1, SCPL-1 

(Caenorhabditis elegans), UNC-82 (C. elegans), p62, rhoA, CRIK, and active ROCK1. [Fig. 

reprinted, with permission, from (277).]
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Figure 9. 
(Right) Longitudinal view of myosin (blue), myomesin (red) and titin (green). The M-band 

is composed of a series of electron-dense M-lines: M4, M1, and M4′ (see Fig. 1C for an 

electron micrograph of M-lines). Myomesin family members form antiparallel homodimers 

through interactions called M-bridges between the C-terminal immunoglobulin domain 

(labeled 13), and bind to myosin at the N-terminal domain. (Left) Cross-sectional view 

highlighting myomesin forming an antiparallel dimer. Myomesin acts as a thick filament 

cross-linking protein. [Fig. reprinted, with permission, from (9).]

Henderson et al. Page 102

Compr Physiol. Author manuscript; available in PMC 2018 April 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 10. 
Tropomyosin positions on the surface of F-actin in the presence (green) and absence (red) of 

myosin. Ten actin-pairs (alternately colored blue and cyan) are shown with the pointed end 

facing up. Two tropomyosin α-helical chains form coiled-coils that interact with the 

positively charged groove of actin filaments and form dimers that span seven actin 

monomers. Tropomyosin regulates interactions between actin-based thin filaments and 

myosin-based thick filaments to control cross-bridge cycling. Depicted in ribbon 

representation are tropomyosin coiled-coils in either in the troponin and myosin-free (red), 
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or the myosin head (S1)-decorated (green). Tropomyosin residue 125 is shown in black as a 

reference point, highlighting the relative sliding between the positions. Scale equals 50Å 

Actin is numbered -1 to 8. [Fig. reprinted, with permission, from (523).]
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Figure 11. 
Ribbon structure of globular actin in the ADP-bound state. Actin is an asymmetrical protein 

composed of four subdomains (subdomain 1 shown in purple, subdomain 2 shown in green, 

subdomain 3 shown in red, and subdomain 4 shown in yellow) connected via two “hinge” 

strands. The representation is oriented with the pointed (minus end) at the top and the barbed 

(plus end) at the bottom. ADP is shown in stick representation bound in the cleft. Shown in 

cyan in stick representation is tetramethylrhodamine-5-maleimide (TMR), a fluorescent 

probe that inhibits actin polymerization. [Fig. reprinted, with permission, from (534).]
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Figure 12. 
CapZ dynamics at the barbed end of F-actin. (A) CapZ has two subunits: α1 and β1 each 

with a tentacle that binds one terminal actin. Tightly capped F-actin has a low actin off rate. 

(B) Following mechanical stimulation (to simulate exercise), the β tentacle undergoes a 

structural change via post-translation modification (PTM) including phosphorylation on 

serine-204 and acetylation on lysine-199. The β tentacle shifts off the terminal actin, which 

increases actin monomer exchange. Regulation of actin dynamics at the barbed end may also 

play a key role in both skeletal and cardiac hypertrophy. [Fig. modified, with permission, 

from (381).]
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Figure 13. 
Tropomyosin and the troponin complex regulate striated muscle contraction. Each 

tropomyosin (orange chain) molecule is associated with one troponin complex [TnI 

(inhibitory-blocks myosin binding to actin; green), TnC (binds calcium; red barbells), and 

TnT (binds tropomyosin; blue)] and seven actin monomers. In the relaxed state tropomyosin 

blocks the myosin-binding site on actin. TnC is weakly bound to TnI; TnI binds to actin 

(TnI-actin binding) and inhibits myosin from binding to actin. Following the release of 

calcium (Ca2+), calcium binds to TnC and a patch of residues in the N-terminal domain of 

TnC is exposed and the interaction of TnC with TnI is enhanced. TnI then dissociates its 

inhibitory region from actin, and forms a complex with TnT and tropomyosin. Following the 

conformational change in the troponin complex, tropomyosin shifts and the myosin head 

binds to actin. [Fig. reprinted, with permission, from (642).]
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Figure 14. 
Schematic drawing of the cardiac cross-bridge cycle. Thin-filaments are shown with actin, 

tropomyosin (Tm) and the troponin (Tn) complex with the Ca2+-binding unit (cTnC) in 

pink, the Tm-binding unit (cTnT) in blue, and the inhibitory unit (cTnI) in light green. 

Thick-filament cross-bridges (XB) are shown with myosin heavy chain (MHC; figure 

illustrating one MHC) in red, myosin light chains (LC) in green, along with myosin-binding 

protein C (MyBP-C) in purple and titin in orange. Cross-bridges are initially in a rest state 

(1) where they are weakly bound and do not generate force. Cross-bridges enter a transition 

state (2) determined by the on (kCa) and off rates (kCa-1) for Ca2+ exchange with cTnC. 

During this transition state, cross-bridges are weakly bound (kXB-1) and do not generate 

force. In the active state (3), the cTnT-dependent shift of Tm from its blocking position on 

actin filaments allows strong cross-bridge binding (kXB) and induces cooperative activation 

of the thin filament (e.g., increase Ca2+ affinity of cTnC; kCa-XB-1). In the active state (4) 

with loss of bound Ca2+, the cooperative mechanisms allow a population of cross-bridges to 

remain active and force generating (kCa-XB). Mechanical feedback termed shortening-

induced deactivation (kvel) will transition active cross-bridges back to the resting state. [Fig. 

modified, with permission, from (265).]
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Figure 15. 
Myosin-binding proteins (MyBP). (A) Schematic drawing of MyBP domain organization. 

MyBPs are composed of a series of immunoglobulin (Igl-like in pink) and fibronectin type 

III (Fn3 in green) repeat domains. Domains termed C1 through C10 and a 105-residue linker 

between C1 and C2 termed the MyBP-C motif (in blue) make up the core structure of 

MyBP-C isoforms. Cardiac MyBP-C has the addition of an eight IgI-like domain termed C0, 

a unique amino acid sequence—LAGGGRRIS—insertion (in light blue) in the MyBP-C 

motif, and a 28 amino acid insertion (in dark pink) in the C5 domain. Slow skeletal MyBP-C 

differs from the fast isoform with an extended Pro/Ala-rich region at the N-terminus. MyBP-

H is the smallest isoform with four domains similar to C7 through C10 of MyBP-C and a 

unique Pro/Ala-rich linker (in black) region. (B) Example electron micrograph of frog 

skeletal muscle showing MyBP-C transverse stripes located in the C-Zone. [Part A modified, 

with permission, from (167); Part B modified, with permission, from (406).]
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Figure 16. 
Schematic representation of costameric proteins, which bidirectionally link the extracellular 

matrix to the sarcomere. There are two major components of the costamere: the vinculin-

talin-integrin complex and the dystrophin glycoprotein complex (DGC). The DGC includes 

dystrophin, sarcoglycans, α/β dystroglycans, dystrobrevin and syntrophin. Additional 

integrin-associated proteins include melusin, FAK (focal adhesion kinase), ILK (integrin-

linked kinase, PINCH (particularly interesting new cysteine-histidine-rich protein), and 

kindlin. [Fig. reprinted, with permission, from (292).]
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Figure 17. 
Schematic representation of the dystrophin associated protein complex in muscle. The three 

subcomplexes are shown: the dystroglycan subcomplex (blue), the dystrobrevin:syntrophin 

subcomplex (red) and the sarcoglycan:sarcospan subcomplex (green). Also indicated are the 

muscular dystrophies caused due to defects or deficiencies of proteins within the dystrophin 

associated protein complex. Abbreviations: BMD, Becker muscular dystrophy; CMD1C-1D, 

congenital muscular dystrophy type 1C-1D; DMD, Duchenne muscular dystrophy; FCMD, 

Fukuyama; CMD, LGMD2C-2F, limb-girdle muscular dystrophy type 2C-2F; LAMA2, 

laminin alpha 2 chain or merosin-deficient muscular dystrophy; MEB, muscle-eye-brain 

disease; WWS, Walker–Warburg syndrome. [Fig. reprinted, with permission, from (583).]
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Figure 18. 
Structural organization and molecular components of the intercalated disc (ICD). Low-

magnification transmission electron micrograph (A) and schematic drawing of cardiac 

myocardium (B) exhibit characteristic step-like structures of intercalated discs (A, 

arrowheads) formed through syncytial interconnection of rod-shaped cardiomyocytes. (C 

and D) Higher magnification view of areas enclosed in A and B, respectively, show three 

specialized substructures of intercalated discs—fascia adherens (adherens junction), 

desmosome (desmosomal junction, arrowhead), and gap junction. The ends of gap junction 

here connect to two adherens junctions (arrows). (D) Molecular components of ICD 

substructures not only serve as mechanical and electrochemical coupling platforms between 

adjacent cardiomyocytes, but also interact with major cytoskeletal filament systems (e.g., 

actin and microtubule cytoskeletons). The following proteins are not discussed in texts: 

p120, p150, EB1, and protein 4.3). [Parts A and C reprinted, with permission, from (626); B 

and D reprinted, with permission, from (38).]
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Figure 19. 
Nuclear lamins. (A) Schematic drawing of nuclear lamins and their nearby protein 

interactions. Nuclear lamins localizes underneath the inner nuclear membrane where they 

directly bind lamina-associated proteins (e.g., emerin, nesprin-1, and nesprin-2). Nesprin-1 

and emerin both interact with nuclear actin and mediate the cortical actin cytoskeleton 

assembly at the nuclear envelope. The integral membrane protein MAN1 allows lamins to 

associate with transcription factors (e.g., SMAD), while SUN1/2 allows lamins to associate 

with microtubules and anchors nesprin-2 to the nuclear envelope. Interactions with barrier-

to-autointegration factor (BAF) and lamin B receptor (LBR), as well as directly to 

chromatin, allows lamins to influence chromatin organization and gene expression. (B) 

Electron micrograph of the nuclear lamina composed of lamin intermediate filaments and 
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associated proteins that extend between the nuclear pore complexes (NPCs). [Parts A and B 

modified, with permission, from (80).]
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