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Introduction

Cardiac remodeling at the macroscopic level occurs as the heart fails and is

accompanied by changes in size, shape, and performance of its cardiomyocytes.

Therefore, an understanding of the mechanisms by which cardiomyocytes sense

and respond to biomechanical stress is of prime importance to the development of a

molecular basis of heart failure. The cardiomyocyte experiences changes in stress

and strain throughout every cardiac cycle, which is generated both internally by

contractile proteins and externally through cell–cell and cell–matrix interactions.

Cells within the heart are constantly remodeling through processes of gene tran-

scription, protein translation, posttranslational modification, and the assembly of

complex organelles. Because the heart is constantly challenged mechanically, it

relies upon the near instantaneous posttranslational modifications of existing

proteins to sense and respond rapidly to acute external stressors. Transcription

and translation takes longer but are important to the overall response to chronic

stress and strain. However, the mechanisms by which cardiomyocytes sense and

respond to chronic mechanical strains remain largely unknown. Our team and many

others are testing hypotheses that mechanical forces drive the growth of heart cells

in healthy exercise but become maladaptive in disease. In this chapter we review

how the biophysical forces in normal cardiomyocytes drive sarcomere remodeling

in heart failure via two key structural components—namely the costamere at the

cell membrane that is connected to the Z-disc of the myofibril. Each of these
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structural complexes has numerous proteins, many of which sense mechanical

forces and are also involved in filament assembly. A diagram of the costamere

and Z-disc indicates many of the key proteins (Fig. 1). In this chapter, we review

how the costamere and specific components of the Z-disc may accomplish both

functions of stress detection and sarcomere remodeling during adaptation to hemo-

dynamic overload.

Biophysics of Cardiomyocyte Mechanotransduction

Mechanotransduction is the process by which load-bearing cells sense physical

forces, transduce the forces into biochemical signals, and generate adaptive or

maladaptive responses that lead to alterations in cell structure and function.

Mechanical forces regulate gain and loss of adhesion, membrane and cytoskeletal

stretch, and cellular compression due to changes in pressure. Mechanical

perturbations then activate intracellular signal transduction pathways that have

profound effects on cellular phenotype. Mechanotransduction in the heart affects

the beat-to-beat regulation of cardiac performance, but also profoundly affects

the growth, phenotype, and survival of cardiomyocytes [1]. Conversely, injury to

Fig. 1 Cytoskeletal protein complexes within the cardiomyocyte costamere and Z-disc. Structural

and signaling proteins within the costamere and Z-disc are depicted. Many of these molecules have

been implicated in either mechanosensing or in sarcomere assembly. MYOZ2 myozenin 2, Cn
calcineurin, PDZ-3LIM one-PDZ and three-LIM domain protein, PDZ-1LIM one-PDZ and

one-LIM domain protein, MLP/CRP3 muscle-specific LIM protein/cysteine-rich protein

3, FHL2 four-and-a-half LIM protein 2, MAPRs muscle ankyrin repeat proteins, MURFs
muscle-specific ring-finger proteins. Reprinted from Hoshijima et al. [10] with permission
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the cardiomyocyte can affect the structural integrity of components of the

mechanosensory apparatus, and impair force generation, growth regulation, and

cell survival [2–6]. Mechanical strain physically deforms a protein, and changes the

affinity of binding sites, which alters the association between signaling molecules

and their effectors [7]. Strain to a cell alters the external physical properties of the

matrix molecules, which propagate to the internal networks in a secondary wave of

mechano-regulated outside-in and subsequent internal cell signal changes. In many

cell types, these processes are best studied at the single molecule level. One

example is fibronectin, a crucial extracellular matrix (ECM) protein, but internal

proteins like p130Cas and talin also respond to strain [8]. The sequences of events

sensing stress and strain are similar for the protein complexes of the costamere and

Z-disc in muscle. A mechanical perturbation deforms one or more proteins in the

sensor complex, thus triggering changes in binding partners enabling posttransla-

tional modifications. In some cases, specific proteins are released and translocate to

the nucleus to affect transcription.

Cardiomyocytes rely on several intracellular components to sense mechanical

load and convert mechanical stimuli into biochemical events that cause sarcomere

remodeling during heart failure. The mechanosensors include integrins and other

membrane-associated proteins that link the ECM to the cytoskeleton, protein

components within the myofilaments and Z-discs, and stretch-activated ion

channels. As described in a number of recently published reviews [1, 9–11],

information regarding each component’s role in modulating sarcomere addition

and remodeling, and their complex interactions in stress detection and cytoskeletal

assembly remain limited. In fact, it is likely that multiple mechanosensors are

primarily responsible for sarcomere remodeling in response to increased wall stress.

Let us consider how forces are transmitted in muscle. Muscle cells are unique in

that they both respond to externally applied mechanical forces, as well as generate

large internal loads that are transmitted to adjacent cells and their surrounding

ECM. Externally, forces that are generated outside the cardiomyocytes are trans-

mitted from the ECM to the interior through costameres, the general cell

mechanosensor of the focal adhesion complex [12]. The anisotropic geometry of

the cardiomyocyte with its longitudinal and lateral structures may allow for distinct

pathways of force recognition and transmittance [13–15]. When a sarcomere is

lengthened by strain, both the costameric complex and the Z-disc are extended in

the longitudinal direction (Fig. 2). However, what is not generally appreciated is

that normal cell shortening causes a widening of the cell, thus providing a stretch in

the transverse direction which increases the distance between the thick and thin

filaments (Fig. 2). Under passive tension, the filaments are closer together and the

Z-disc in cross section has a small lattice. With active tension as the sarcomeres

contract, the filaments move further apart and the Z-lattice becomes basket weave

in pattern (Fig. 3) [16]. Cardiac muscle is usually under tension, so the basket

weave pattern is generally seen. The repetitive features in the sarcomere have

permitted this detailed analysis of protein complexes to be studied, which is not

possible for the focal adhesion complex. Nonetheless, separate directional

pathways are implicated by static transverse and longitudinal loading to activate
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Fig. 2 Force is distributed externally from the costameres and internally throughout the myocyte

by the Z-discs. Both the longitudinal and transverse directions are deformed by cell lengthening

with passive tension or during contraction by active tension, as shown by directions of arrows,
respectively. Width of cell decreases with lengthening and increases with shortening. A-band

(grey) length stays constant; I-band length varies (white) with shortening. Dimensions are

exaggerated for clarity

Fig. 3 Z-disc lattice is deformed with tension.Upper panels show a longitudinal section and lower
panels in the transverse plane through the Z-disc. Left side is under passive tension (rest); right

active tension (contraction). Thin filaments (black); to distinguish polarity the open circles enter
Z-disc from below and closed from above. α-actinin (red) has small square lattice with passive but

basket weave with active tension. CapZ (blue) the α/β heterodimer caps the barbed end of the thin

filament. Thin filament lattice spacing is 24 nm at rest. Redrawn after Goldstein et al. [16]



stress in muscle for costameric proteins, such as the activation of the ERK cascade

[17], or different levels of phosphorylation of focal adhesion kinase (FAK) [18]

with transverse vs. longitudinal strain.

Costameres in Cardiomyocyte Force Transmission

and Remodeling

Peripheral myofibrils are physically attached to the sarcolemmal membrane by

costameres, which are components of the subsarcolemmal cytoskeleton (Fig. 1).

This structure was first identified by Pardo and colleagues [19] as vinculin-positive,

circumferentially oriented bands that mechanically couple the sarcolemma and its

invaginations to the contractile machinery of the cardiomyocyte during fiber

lengthening and shortening. As outlined below, this structure is critically important

for both force transmission and sarcomere remodeling during adaptation to hemo-

dynamic overload.

Costameres Are Important Sites for Cell Attachment
to the Extracellular Matrix

Attachment of myofibrils at costameres resembles the attachment sites of the

subcortical actin cytoskeleton of nonmuscle cells to the plasma membrane at focal

adhesions. Indeed, costameres are now considered striated muscle-specific

extensions of focal adhesions, where they form an interface between the intracellular

and extracellular environment. Like their focal adhesion counterparts in nonmuscle

cells, costameres are also critically important adhesive structures that serve to

physically attach cardiomyocytes to their surrounding ECM. Thus, they form a

stress-tolerant linkage between the cardiac ECM and the myofibrillar apparatus of

adjacent muscle cells. As described below, force generated by one cardiomyocyte

can then be transmitted laterally to adjacent cells via attachment to the ECM,

allowing for coordinate contraction and relaxation of the functional syncytium.

Costameres Are Sites for Outside-In and Inside-Out
Force Transmission

In addition to their role in cell attachment, Danowski and colleagues first

demonstrated that costameres were sites where contractile forces generated within

the cardiomyocyte are directly transmitted to the surrounding ECM [20]. They

showed that cultured adult rat ventricular myocytes maintained on a flexible,

Biophysical Forces Modulate the Costamere and Z-Disc 145



silicone membrane generated pleat-like wrinkles of the surrounding ECM each time

the firmly attached cells contracted. The pleats were spaced 1.8–2.0 μm apart,

coinciding with the distribution of α-actinin-containing Z-discs, and sites of close

approximation of the cell membrane to the silicone substratum as determined by

interference-reflection microscopy. Costameres are also sites where longitudinal

displacement of the ECM is transmitted directly to the contractile machinery of the

cell. A 10 % static, linear stretch of aligned neonatal rat ventricular myocytes

maintained on laminin-coated, microtextured silicone membranes resulted in an

immediate, uniform increase in sarcomere length of ~10 % throughout the entire

length of the longitudinally oriented, rod-shaped cell [21]. In this case, cell attach-

ment via circumferentially organized costameres alone was sufficient to transmit

the externally applied longitudinal strain directly to the underlying myofibrils,

indicating that both externally applied and intrinsically generated mechanical

loads are transmitted through costameres both outside-in and inside-out.

Integrins Attach the Cardiomyocyte Cytoskeleton
to the Cardiac ECM

ECM attachment at costameres is accomplished by specific, integral membrane

components within two major protein complexes: the dystrophin-glycoprotein

complex containing α-dystroglycan that binds laminin-2, perlecan, and other

ECM proteins in the cardiomyocyte basement membrane [22], and β1-integrins,
that bind laminin, fibronectin, fibrillar collagens, and a variety of other extracellular

proteins to the cardiac ECM [23]. Membrane-associated proteins on the cytoplas-

mic face of both types of adhesion complexes collectively form a linkage to the

myofibrillar apparatus via protein–protein interactions that ultimately terminate at

the Z-disc of peripheral myofibrils [24]. These costamere-associated linker proteins

provide both structural and signaling roles in initiating and maintaining sarcomeric

organization and remodeling during hemodynamic stress [1]. Disruption of either

protein complex produces left ventricular dysfunction, and combined defects act

synergistically to reduce cardiac function more than disruption of either adhesive

complex alone [25].

Integrin receptors are heterodimeric transmembrane proteins that are responsible

for initiating cell–matrix attachment by adherens junctions in a variety of cell types.

In cardiomyocytes, integrins are not randomly distributed on the cell surface, but

rather are found embedded within the sarcolemmal membrane directly adjacent to

costameres [26]. Thus, the ECM-integrin-costameric protein network can be

viewed as a highly specialized form of lateral adherens junction, in which cell-to-

matrix attachment is mediated by direct interaction of cardiomyocyte integrins with

specific ECM protein sequences within the cardiac interstitium. The physical

interaction between integrin cytoplasmic domains and adaptor proteins within the

cytoskeleton generate a submembrane adhesion plaque that is critical for transmit-

ting mechanical force between the ECM and the actin cytoskeleton. Furthermore,
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the cytoplasmic domains of integrin subunits play a direct role in these connections,

as several cytoskeletal adaptor proteins can link integrins directly to actin filaments

[27]. With the inclusion of additional protein–protein interactions, it is apparent that

integrins provide a critical transmembrane linkage between the cardiac ECM and

the actin-based cardiomyocyte cytoskeleton.

All integrin receptors consist of noncovalently associated α and β subunits that

combine to form a single receptor for various ECM components. At least 18 α and

8 β subunits have been identified in mammals, and they combine to form at least

24 different paired integrin receptors in various cell types [28]. However,

myocardial integrins are relatively restricted to integrins of the β1-type, including
the β1D splice variant isoform, which is the predominant integrin expressed in the

postnatal heart [29]. In contrast, various α subunits are expressed throughout

cardiomyocyte development, with α1, α3, and α5 subunits identified in immature

cardiomyocytes, whereas α6 and α7 isoforms predominate in adult ventricular

myocytes [30, 31]. Nevertheless, a single integrin receptor is capable of binding

to several different ECM proteins, whereas a single ECM ligand can engage several

different integrin heterodimers. The promiscuous nature of ECM attachment allows

for subtle differences in ECM composition to occur during development and in

response to biomechanical overload.

β1-Integrin Cytoplasmic Domains Form Cytoskeletal
Attachments Through Talin Dimers

Unlike growth factor receptors, the cytoplasmic tails of integrin α and β chains

possess no intrinsic catalytic activity. However, they interact with other cytoskele-

tal proteins to transmit extrinsically applied and internally generated mechanical

force. A major binding partner of the β1-integrin cytoplasmic domain is the

cytoskeletal protein talin, which is a rod-shaped, multidomain protein involved in

bidirectional activation of integrins [32]. Cell-surface integrins can exist in either

low- or high-affinity states, and cellular modulation of integrin affinity is in part

accomplished by reversible binding of the N-terminal, globular head domain of

talin to the C-terminal, β1-integrin cytoplasmic tail [33]. Cardiomyocytes express

predominantly talin-2 and integrin β1D isoforms, which have the highest binding

affinities of various β-integrin cytoplasmic domains, suggesting that integrin

engagement to the cardiac ECM favors a mechanically strong, activated integrin

binding conformation [34].

The mammalian genome contains two genes for talin encoding two structurally

similar proteins (talin-1 and talin-2) that share 74 % sequence identity [35]. The

specific function of each talin isoform in mechanotransduction and sarcomere

remodeling is not known, but it appears that the talin-2 isoform plays a unique

role in muscle development and disease. Localization of talin-2 is restricted to

costameres and intercalated discs in striated muscle [36], but talin-2 appears dis-

pensable in the presence of talin-1 for normal costamere and sarcomere assembly.
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However, deletion of both genes produced a severe defect in sarcomere assembly in

striated muscle, with profound defects in the assembly of adhesion complexes and

sarcomeres by cultured myoblasts isolated from double knockout embryos

[37]. The failure of normal sarcomere development in these immature muscle

cells also highlights the importance of talin (and perhaps other cytoskeletal linker

proteins) in myofibrillar assembly.

Cardiomyocyte adhesion to ECM proteins via β1-integrins causes the recruit-

ment of talin dimers to the cytoplasmic face, leading to integrin transition to their

high affinity state. This process is an important, early step in “outside-in” signaling

during cell attachment. Conversely, talin activation by a number of intracellular

signaling pathways causes the physical displacement of α-integrin subunits, thereby
allowing for high-affinity ECM engagement during “inside-out” signaling

[34, 38]. Intracellular talin binding alone is sufficient to alter the conformation of

integrin extracellular domains and promote their attachment to ECM proteins

[39]. The recruitment of talin involves the Src-dependent tyrosine phosphorylation

of the β-integrin tail, and its recognition by the talin head region [40]. Thus,

intracellular stimuli that cause Src-dependent integrin phosphorylation promote

the activation of integrins via talin recruitment to costameres, and stimulate

costamere formation during inside-out signaling. Subsequent recruitment of addi-

tional cytoplasmic linker proteins (such as paxillin and vinculin) to the costamere

may also be required for Z-disc assembly and premyofibril formation during

myofibrillogenesis [41, 42].

Focal Adhesion Proteins Are Critical Regulators
of Costamere Assembly

Vinculin is another cytoskeletal linker protein that is recruited to focal adhesions

and costameres during integrin engagement and clustering [43]. It is a cytoskeletal

adaptor protein consisting of three functional domains: an N-terminal head, a

flexible, proline-rich hinge region, and a C-terminal tail domain. Intramolecular

association between the head and tail domains constrains vinculin in an inactive

conformation, but vinculin unfolds during activation, thereby allowing vinculin to

interact with a variety of other cytoskeletal proteins, including α-actinin and

paxillin [44]. As vinculin unfolding and activation is driven by talin binding to

the head region of the molecule, and activated vinculin binds α-actinin, then talin

binding to the β1-integrin cytoplasmic tail thereby indirectly provides a physical

linkage to the actin-based cytoskeleton.

Vinculin localization to costameres is accomplished by two distinct

mechanisms. As indicated above, the head region binds to talin during integrin

activation, whereas the C-terminal tail region can bind to paxillin, another cyto-

skeletal adaptor protein that is targeted to focal adhesions and costameres via its

LIM3 domain [45]. The C-terminal region of vinculin also contains a four-helix

bundle that is structurally similar to the focal adhesion targeting (FAT) sequence of
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FAK [46]. The FAT domain of FAK binds to paxillin during integrin engagement

and clustering and targets the protein kinase to the growing subsarcolemmal

adhesion plaque. Thus, the combinatorial interactions of all four proteins (talin,

vinculin, paxillin, and FAK) suggest both structural and signaling roles for each in

costamere formation and turnover [44]. Based on structural studies of focal

adhesions in nonmuscle cells, it is likely that individual costameric proteins are

also organized both horizontally and vertically into specific layers responsible for

signaling, force transduction, and cytoskeletal attachment [47].

Costameres Are Components of the Mechanosensory
Apparatus of Cardiomyocytes

Attachment is clearly one way in which costameres contribute to mechanotrans-

duction, but there is also substantial evidence to indicate that mechanical forces

(generated by passive stretch and active tension development) are “sensed” by

costameres, or their focal adhesion counterparts in cultured cardiomyocytes.

Biochemical signals are then transmitted internally, leading to sarcomere assembly

and altered gene expression characteristic of cardiomyocyte hypertrophy. Stretch-

induced deformation of cardiomyocyte integrins triggers the recruitment and acti-

vation of several signaling kinases (such as FAK, proline-rich tyrosine kinase

2 (PYK2), Src, Rho kinase (ROCK), and ERKs) to the cytoplasmic face of the

adhesion complex, where they participate in downstream signaling to the nucleus

and other organelles [12]. Results obtained in mechanically stressed, cultured

cardiomyocytes complement elegant studies performed in pressure-overloaded,

intact myocardium [48–52], and also support the close interaction between the

ECM-integrin-cytoskeletal complex and growth factor receptor signaling during

cardiomyocyte hypertrophy and sarcomere remodeling [53–59].

FAK and Cardiomyocyte Mechanotransduction

Exactly how components of the focal adhesion complex sense mechanical stimuli

remains unclear. Seminal observations by Ingber and colleagues [60] using a

magnetic twisting device to transfer force directly from integrins to the local

cytoskeleton suggest that mechanical deformation of one or more adhesion plaque

proteins is the proximal step in an intracellular signaling cascade that leads to global

cytoskeletal rearrangements and mechanotransduction at multiple, distant sites

within the cell. As integrin subunits are devoid of any catalytic activity, transmis-

sion of mechanical signals from integrins to the cytoskeleton requires the “stress

activation” of one or more signaling molecules capable of transmitting biochemical

signals to the internal cellular environment. Talin localization during integrin

engagement and clustering may initiate outside-in signaling, but talin has no
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intrinsic catalytic activity capable of relaying biochemical signals into the cell

interior. However, secondary recruitment and activation of protein tyrosine and

serine/threonine kinases to the cytoplasmic adhesion plaque may accomplish this

function. FAK is clearly one candidate enzyme that is responsible for integrin-

mediated mechanotransduction within cardiomyocyte focal adhesions and

costameres. As indicated above, FAK is a nonreceptor protein tyrosine kinase

that functions as an “activatable scaffold” [61] in integrin-dependent signal trans-

duction (Fig. 4). An autoinhibitory FERM domain, located within the N-terminal

region of FAK, associates with the plasma membrane via its interaction with

several different growth factor receptors. The C-terminal region of FAK comprises

the FAT domain, which binds directly to paxillin and talin, which in turn bind to the

cytoplasmic tail of β1-integrins at sites of integrin clustering. Once localized, FAK

phosphorylates itself at a single tyrosine residue (Y397). This autophosphorylation

site serves as a high-affinity binding domain (pYAEI motif) for the SH2 domain of

Src-family protein tyrosine kinases [62] (Fig. 5). Once bound to FAK, active Src

then phosphorylates FAK at residues Y576 and Y577 within its catalytic domain

(which augments FAK kinase activity toward exogenous substrates), and at Y861

and Y925 near its C-terminus [63]. The Y861 phosphorylation site promotes the

Fig. 4 FAK binding partners in cardiomyocytes mechanotransduction. The N-terminal,

autoinhibitory FAK FERM domain is important for signal integration from growth factor receptors

such as the Eph-family, EGF and PDGF receptor protein tyrosine kinases, and the cytoplasmic Etk

protein tyrosine kinase. The FAK C-terminal focal adhesion targeting (FAT) domain binds the

cytoskeletal adaptor proteins paxillin and talin, and mediates FAK localization to integrin-

enriched focal adhesions and costameres. The FAT domain and proline-rich (PR) regions bind

molecules involved in Rho-GTPase activation and deactivation. Numerous tyrosine and serine

phosphorylation sites on FAK are also depicted. JSAP1 scaffolding protein of the JNK kinase

pathway, ASAP1 130-kDa phosphatidylinositol 4,5-biphosphate (PIP2)-dependent Arf1 GTPase-

activating protein (GAP), GRB2 growth factor receptor-bound protein 2, GRAF GAP for Rho

associated with FAK, SOCS suppressors of cytokine signaling, SUMO small ubiquitin-like modi-

fier protein. Reprinted from Schlaepfer et al. [61] with permission
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binding of p130Cas to FAK [64]. The Y925 phosphorylation site promotes the

binding of Grb2 to FAK, and other adaptor proteins and kinases containing SH2

domains. The FAK-Src complex also phosphorylates paxillin, p130Cas, and other

cytoskeletal proteins involved in costamere and cytoskeletal assembly.

In addition to multiple tyrosine phosphorylation sites, FAK contains several serine

residues (S722, S843, S846, andS910) that undergo reversiblephosphorylation in response

to hypertrophic stimuli. These serine residues are in close proximity to critical

protein–protein interaction sites within the C-terminal region of FAK, such as

the binding site for p130Cas and the adjacent FAT domain. The functional role of

FAK serine phosphorylation in cardiomyocytes is largely unknown, but one report

Fig. 5 Model for the autoactivation of focal adhesion kinase. The “clover leaf” structure of the

autoinhibitory FERM domain of FAK is depicted. The FERM domain binds directly to the kinase

C-lobe when FAK is auto-inhibited, impeding access to the active site and protecting FAK’s

activation loop from phosphorylation by Src. FAK is activated when it is released from the auto-

inhibited “closed” state by the binding of a protein or lipid partner to its FERM domain. Binding of

partners to regions in the F1 or F2 subdomains of the FERM domain is likely to “open” the protein,

permitting auto-phosphorylation and Src binding. This leads to Src-mediated Tyr phosphorylation

of the acceptor Tyr residues Y576 and Y577 in the kinase loop of FAK and full catalytic activation,

and Src-mediated Tyr phosphorylation at Y861 and Y925 to promote binding of p130Cas and

GRB2, respectively. Reprinted from Frame et al. [63] with permission
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indicates that serine (and tyrosine) phosphorylation of FAK increases dramatically in

hypertensive rats, with different sites of phosphorylation appearing to regulate FAK

subcellular localization [65]. Our group [66] recently demonstrated that endothelin-1

and other hypertrophic factors induced a time- and dose-dependent increase in

FAK-S910 phosphorylation. Endothelin-induced FAK-S910 phosphorylation

required endothelinTypeAreceptor-dependentactivationofPKCδ andSrcviaparallel
Raf-1!MEK1/2!ERK1/2 and MEK5!ERK5 signaling pathways. Replication-

deficient adenoviruses expressing wild-type FAK and a non-phosphorylatable,

S910A-FAK mutant were then used to examine the functional significance of

FAK-S910 phosphorylation. Unlike wild-type FAK, S910A-FAK increased the half-

life ofGFP-taggedpaxillinwithin costameres (asdeterminedby total internal reflection

fluorescence microscopy and fluorescence recovery after photobleaching) and

increased the steady-state FAK-paxillin interaction (as determined by

co-immunoprecipitation and Western blotting). These alterations resulted in reduced

NRVM sarcomere reorganization and cell spreading. Finally, we found that FAKwas

serine-phosphorylated at multiple sites in non-failing, human left ventricular tissue,

andFAK-S910phosphorylation andERK5expressionwerebothdramatically reduced

in patients undergoing heart transplantation for end-stage dilated cardiomyopathy

(DCM).These results suggest that reducedFAK-S910phosphorylationmaycontribute

to sarcomere disorganization that is frequently observed in these heart failure

patients [66].

We and others have shown that FAK and the highly homologous protein tyrosine

kinase PYK2 are both expressed in neonatal and adult cardiomyocytes, where they

are activated in response to mechanical loading [12, 67, 68] and agonists (e.g.,

phenylephrine, angiotensin II, endothelin-1) that stimulate Gq-coupled receptors

[53–59, 69]. Thus, FAKs, and other protein kinases bound to FAK and PYK2

during integrin clustering, can activate downstream signaling pathways that regu-

late integrin-mediated mechanotransduction at local as well as distant sites within

the cell.

Further support for an important role for FAK in cardiomyocyte mechanotrans-

duction has come from studies of global and cardiomyocyte-specific FAK knockout

mice. Global FAK deletion led to lethality at embryonic day 8.5, and the mutant

embryos displayed a profound defect in development of all mesodermal structures,

including the heart and vasculature [70, 71]. Interestingly, the developmental

defects found in FAK�/� embryos were phenotypically very similar in timing and

phenotype to the morphological defects observed in fibronectin-null mice,

suggesting an important relationship between fibronectin- and FAK-dependent

signaling, especially with respect to development of the cardiovascular system

[61]. In both cases, the developmental defects were attributed to the inability of

mesodermal cells to migrate normally. Indeed, fibroblasts isolated from FAK�/�

embryos displayed markedly reduced mobility and abnormally large focal

adhesions, indicating a defect in focal adhesion turnover. However,

cardiomyocyte-restricted FAK knockout mice have a variable cardiac phenotype

depending on when during development FAK is deleted. Embryonic deletion of
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FAK in cardiomyocytes caused perinatal lethality due to the presence of large

ventricular septal defects and abnormalities in outflow tract alignment, indicating

again that FAK predominantly regulates mammalian cardiomyocyte migration

during early cardiac development [72]. However, cardiomyocyte FAK deletion

during later prenatal development was not associated with any congenital heart

defects, but led to spontaneous DCM in aged animals [73], and a blunted hypertro-

phic response to angiotensin II infusion [73] or transverse aortic constriction [74] in

the adult heart. The inability to respond normally to hypertrophic stimuli supported

earlier cell culture studies that demonstrated impaired hypertrophic responses of

cultured cardiomyocytes overexpressing FAK-related nonkinase (FRNK, a natu-

rally occurring inhibitor of FAK), Y397F-FAK (a FAK autophosphorylation

mutant), FAK antisense RNA, or just the FAK-FAT domain [12, 21, 54, 56–58, 75].

Other Protein Kinases Involved in Cardiomyocyte
Mechanotransduction

In addition to FAK, cardiomyocytes express a structurally related kinase known as

PYK2 (also known as cell adhesion kinase-β (CAK-β), related adhesion focal

tyrosine kinase (RAFTK), or cell adhesion tyrosine kinase (CADTK)) [76].

PYK2 is a Ca2+-dependent nonreceptor protein tyrosine kinase that undergoes

bimolecular transphosphorylation [77] in response to integrin engagement,

increased intracellular Ca2+, and activation of PKCs in many cell types, including

cardiomyocytes [69, 78–83]. Although PYK2 is predominantly localized to the

cytoplasm [69], a minor component of the enzyme co-localizes with paxillin in

focal adhesions of cultured neonatal rat ventricular myocytes [83]. Like FAK,

PYK2 acts as an important scaffolding protein, and transduces signals from

G-protein-coupled receptors to downstream MAPK signaling pathways depending

upon which signaling kinases and adaptor proteins bind to the phosphorylated

enzyme [84, 85]. PYK2 has also been shown to link a variety of stressful stimuli,

including Ca2+ overload, UV irradiation, and TNF-α treatment to MAPK activation

in several cell types [86]. Recently, Hirotani et al. [82] demonstrated that PYK2 is

an essential signaling component in endothelin- and phenylephrine-induced

cardiomyocyte hypertrophy, perhaps acting via the Ca2+- and/or PKC-dependent

activation of Rac1.

Bayer et al. [51] have demonstrated that PYK2 expression and phosphorylation

were significantly increased in adult rat ventricular myocytes in vivo in response to

acute left ventricular pressure overload. Similarly, Melendez et al. [78] showed that

PYK2 expression and phosphorylation were increased in a mouse model of DCM,

but its exact role in these conditions has not been elucidated. Nevertheless, recent

studies have confirmed that PYK2 is an important upstream regulator of the stress-

activated protein kinases (p38MAPK and JNK1/2) in cardiomyocytes [81, 83]. Inhi-

bition of PYK2 in vivo (by direct gene transfer of its C-terminal FAT domain)
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reduced activation of the fetal gene program and reduced LV remodeling in a rat

model of myocardial infarction [87]. Thus PYK2 activation has been implicated in

hypertrophic gene expression changes during pathological cardiomyocyte hyper-

trophy [83] and in the induction of apoptosis [81].

Integrin-linked kinase (ILK) is a third protein kinase that may be involved in

integrin-dependent mechanotransduction in cardiomyocytes. ILK has a sequence

homology to serine-threonine protein kinases, but its kinase domain is nonfunc-

tional, thus indicating that ILK is a pseudokinase [88, 89]. However, ILK’s

pseudokinase domain binds tightly to α-parvin and the complex can directly bind

to the cytoplasmic tail of β1-integrins as well as other focal adhesion adaptor

proteins [90, 91]. One of these interacting proteins, PINCH1, is essential to early

embryonic development, but appears dispensable when its expression is specifically

reduced in cardiomyocytes [92]. However, targeted ablation of ILK in

cardiomyocytes caused a rapidly progressive, DCM [93]. The ILK-PINCH-parvin

complex is involved in regulating Akt activity and cell survival signaling in many

cell types, and despite its lack of kinase activity, ILK appears to serve these roles in

cardiomyocytes. ILK is an important upstream regulator of Akt phosphorylation at

S473 [94], which is essential for Akt activity and may explain ILK’s ability to

suppress apoptosis [95]. ILK also interacts with thymosin β4, an actin-binding

peptide that stimulates cardiomyocyte and endothelial cell migration. ILK activa-

tion by expression of thymosin β4 led to activation of Akt and improved

cardiomyocyte cell survival following coronary artery ligation, further implicating

ILK and the focal adhesion complex in integrin-dependent cell survival signaling

[96]. Nevertheless, it remains unclear whether ILK undergoes translocation and

activation in response to mechanical loading of cardiomyocytes in a manner similar

to FAK and PYK2.

There is also some evidence to indicate that PKCε, the major novel PKC

isoenzyme expressed in cardiomyocytes, is directly involved in integrin-dependent

mechanotransduction. Three families of PKCs have been identified to date,

containing a total of 11 isoenzymes. The “classical” isoforms (α, βI, βII, and γ)
are regulated by calcium, diacylglycerol (DAG), and phosphatidylserine; the

“novel” isoforms (δ, ε, η, ϕ, and μ) are regulated by DAG and phosphatidylserine;

and the “atypical” isoforms (ζ and λ) only require phosphatidylserine for activation.
The major PKC phorbol ester-sensitive isoenzymes found in adult cardiomyocytes

are PKCα, PKCβ, PKCδ, and PKCε. Using standard immunofluorescent micros-

copy, Disatnik et al. [97] first localized PKCε in a striated pattern within myofibril-

lar structures of cultured neonatal rat cardiomyocytes following stimulation with

norepinephrine or phorbol myristate acetate. Subsequently, Huang et al. [98]

demonstrated that PKCε translocated in response to arachidonic acid treatment of

adult rat ventricular myocytes to a region adjacent to the Z-line where actin

filaments are anchored, and where transverse tubules are closely apposed to the

myofilaments. This site of translocation was specific for PKCε, as PKCδ, the other
novel PKC expressed in rat ventricular myocytes, translocated to the nucleus in
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response to arachidonic acid. Borg et al. [99] then showed that PKCε localized to

the cytoplasmic side of the sarcolemma directly adjacent to the Z-disc, and

Heidkamp et al. [59] demonstrated that the kinase co-localized with FAK in typical

focal adhesions in cultured neonatal cardiomyocytes. These morphological results

are complemented by biochemical data demonstrating that PKCε forms functional

signaling complexes with PYK2 [100] and Src-family protein kinases [101–103] in

tissue homogenates of left ventricular myocardium from PKCε-overexpressing
mice. PKCε, in turn, is involved in the endothelin-induced activation of both

FAK [59] and PYK2 [80], via signaling pathways that may regulate local changes

in the actin cytoskeleton [104]. Thus, there is ample evidence to indicate that at

least a portion of cardiomyocyte PKCε is found in costameres and focal adhesions,

where it may regulate focal adhesion and costamere formation [105] and

sarcomeric assembly [21] in response to mechanical loading and growth factor

stimulation.

One way that PKCε may localize to costameres and focal adhesions is via

binding to RACK1 (Receptor for Activated C-Kinase-1). RACK1 is a seven

WD-domain-containing protein that binds to the cytoplasmic tail of β-integrins
[106], and anchors PKC isoenzymes [107], Src family protein kinases [108], and

other proteins to focal adhesions. Although originally described as a selective

receptor for activated, Ca2+-dependent PKCs [109, 110], RACK1 also binds active

PKCε, and increases focal adhesion formation, integrin clustering, and lamellipodia

formation in human glioma cells. These responses are quite similar to those

produced by overexpression of constitutively active PKCε in cultured neonatal

cardiomyocytes [105]. Once localized, PKCε can phosphorylate a number of

membrane-anchored and cytoskeletal proteins and participate in the activation of

Rac1, which is required for cell spreading and cytoskeletal assembly [111]. Alter-

natively, active PKCε binds directly to the Z-disc [112] via an interaction with a

RACK2-like protein [113], thus creating a situation in which PKCε may locally

shuttle between costameres and Z-discs to regulate contractile function in response

to changing hemodynamic loads.

It remains unknown exactly how PKCε is locally activated in response to

mechanical loading. Vuori and Ruoslahti [114] showed that PKC activity in the

cell membrane fraction transiently increases preceding cell spreading on fibronectin

but not on polylysine, and PKC activation is required for FAK activation in

response to cell spreading on fibronectin. These results would suggest that a

membrane phospholipase within integrin-dependent cell attachment sites provides

a local source of DAG sufficient to activate PKCε. Phospholipase C (PLC)-γ can

bind to the Y397 phosphorylation site of FAK [115], and Ruwhof et al. [116] have

shown that PLC (but not PLD) activity rapidly increases in neonatal

cardiomyocytes in response to cyclic stretch, suggesting that PKC activation may

be both upstream and downstream of FAK activation in response to mechanical

loading.
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Costameres Are Sites for the Earliest Steps
in New Sarcomere Assembly

In addition to their important role in cell attachment, costameres may be an

important site for the initial events in new sarcomere formation [41]. In cultured

cardiomyocytes, costameres reorganize to form adhesive structures that are similar

to typical focal adhesions found in nonmuscle cells [117], and their formation

precedes the assembly of newly synthesized myofibrillar proteins into sarcomeres

[118]. Because of the similarities between costamere formation in cardiomyocytes

and focal adhesion formation in nonmuscle cells, we and others have proposed that

FAK, and other FAKs play an important role in both processes [1]. Cardiomyocytes

isolated from mice with tissue-specific deletion of FAK showed increased

length but not width, and displayed disorganized myofibrils with increased

nonmyofibrillar space filled with swollen mitochondria [73]. FAK deletion also

causes DCM with aging and produces eccentric, rather than concentric, LV hyper-

trophy with angiotensin II infusion or transverse aortic coarctation, suggesting an

intrinsic abnormality in sarcomere assembly [73, 74, 119, 120]. Overexpression of

FRNK, or “knocking-down” FAK by siRNA prevented normal costamerogenesis

and myofibrillogenesis during skeletal muscle differentiation [121]. Furthermore,

overexpression of FRNK in cardiomyocytes also prevented the endothelin-induced

increase in total protein/DNA, and the assembly of newly synthesized myofibrillar

proteins into sarcomeres [54]. As discussed above, we recently proposed that FAK

serine phosphorylation is critical for regulating the conformation of the FAK-FAT

domain and, therefore, its interaction with other focal adhesion proteins required for

new sarcomere addition [66]. Stabilizing the open conformation of the FAT domain

may secondarily decrease FAK-paxillin interaction and promote its exit from newly

forming costameres, thereby enhancing the vinculin–paxillin interaction

[122, 123]. These events should strengthen the costamere and promote sarcomere

formation and reorganization [37, 124] Thus, these findings suggest that FAK, and

other proteins reversibly bound to FAK during costamere formation, are required

for the normal assembly of sarcomeres in response to both biomechanical and

neurohormonal stimuli that induce cardiomyocyte hypertrophy.

FAK, and it C-terminal binding partners p130Cas and paxillin, all co-localize to

costameres of cultured neonatal rat ventricular myocytes, where they participate in

sarcomere assembly induced by endothelin-1 [54, 57]. Displacement of FAK from

these structures (by overexpressing FRNK, or just the FAK-FAT domain)

prevented endothelin-induced assembly of newly synthesized contractile proteins

into sarcomeres, and coincidently prevented the phosphorylation of paxillin [54]

and p130Cas [57] by the FAK/Src complex. Conversely, preventing p130Cas

binding to the C-terminal region of FAK (by overexpressing FAK residues

638–841, containing only the proline-rich, C-terminal p130Cas binding site) also

substantially reduced endothelin-induced sarcomeric assembly, indicating a critical

role for p130Cas binding and phosphorylation by FAK/Src in this process

[57]. FAK also reduced steady-state adhesive force by recruiting vinculin to focal
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adhesions. FAK knockdown increased vinculin recruitment to focal adhesions,

resulting in cells more firmly attached to their ECM [43]. Indeed, these cell culture

results are consistent with studies of both paxillin [125] and p130Cas [126] knock-

out mice, which demonstrated early embryonic lethality due to severe defects in the

development of the cardiovascular system. In the case of paxillin, the overall

phenotype closely resembled that observed in both fibronectin- and

FAK-knockout mice. In the case of p130Cas-deficient embryos (which died at a

somewhat later developmental stage), cardiomyocytes displayed disorganized

myofibrils and disrupted Z-discs, indicating important structural and mechano-

chemical signaling functions for these adaptor proteins.

Z-Disc Structure in Mechanotransduction

and Filament Assembly

Internally, cardiomyocytes generate force through their contractile filaments that

are anchored together by an abundance of proteins organized at the Z-disc (Fig. 1).

The Z-disc anchors parallel, actin containing thin-filaments, which were observed

over 30 years ago by electron microscopy to be bundled by struts assumed to be

α-actinin [127]. Interestingly, cell tension extensively deforms this Z-disc lattice

complex [16]. Many other proteins have subsequently been shown to form the

architectural complexity of the Z-disc, which functions not only as a mechanical

joint but also as a signaling complex for mechanotransduction containing proteins

such as titin-T-cap, as reviewed in [128–130]. Another signaling protein is the

muscle LIM protein (MLP), also known as cysteine rich protein 3 (CSRP3, CRP3).

It is a mechanosensor found at the Z-disc with interactions to histone deacetylases

(HDAC4) and acetylases (PCAF) and at the costamere where it interacts with ILK,

zyxin, α1-spectrin, and α-actinin [131]. MLP in mechanically stimulated neonatal

rat myocytes can shuttle to the nucleus where it is involved in regulating the

hypertrophic gene program. Furthermore, MLP subcellular localization is sensitive

to directional strain. Using microtopography, aligned cardiomyocytes were strained

either transversely or longitudinally to determine nuclear translocation and myofi-

brillar distribution. MLP did not translocate in response to uniaxial, but only to

biaxial strain. With transverse strain, MLP aligned along the fiber axis; i.e.,

perpendicular to the axis. But after longitudinal strain, MLP was more

striated [132].

Hypertrophy in response to biophysical forces is achieved by increasing the

number of thick and thin filaments in the myocytes, of which the actin filaments are

thought to be assembled first into premyofibrils and the myosin thick filaments are

spliced in later [133]. Since actin is one of the oldest and most conserved proteins in

all living cells, there is an abundance of information about actin filament nucle-

ation, assembly, and severing. All actin filament assembly requires numerous

partnering proteins, with specialized variants found in the heart, such as CapZ,

formin, and cipher. It seems likely that the filaments are built to serve the functional
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work being demanded at a subcellular region and that local mechanical conditions

ultimately regulate how many filaments are assembled or degraded and where this

occurs inside the cell. Nature is efficient in this regard, since muscle is a very high

consumer of energy. Strain to the Z-disc modifies the function of the F-actin

capping protein (CapZ) via mechanotransduction signaling pathways, such as

those involving PKCε [97, 129, 134]. Interestingly, in transgenic models of CapZ

downregulation, PKC-dependent regulation of myofilament function is abolished,

and activated PKCε and PKCβ binding to the myofilament is diminished [135]. In

neonatal myocytes, the additional sarcomeres are added after strain at the Z-disc

[136], and this process is also regulated by PKCε [21]. Furthermore, dynamics of

actin capping by CapZ is increased by hypertrophic stimuli, and regulated by PKCε
activity [137]. These processes are discussed further below.

CapZ Structure and Function

Because of its major role in actin cytoskeletal remodeling, CapZ needs further

discussion. CapZ was first discovered in the 1960s by Maruyama and colleagues

and was called β-actinin [138–140]. An increasing concentration of CapZ decreased

the length of F-actin polymers after sonication and prevented polymerization of

G-actin. A fast recovery to the original state could be slowed or prevented by

addition of CapZ at various time points [141]. CapZ was finally purified to

homogeneity in 1980 which led to the discovery that it is composed of two major

polypeptides approximately 30 kDa in size that pair to cap the barbed end of actin

filaments [142]. CapZ is a heterodimer composed of an α and a β subunit.

Vertebrates contain three α isoforms that are encoded from three individual

genes, and three β isoforms that are generated through alternative splicing. The

α1 and α2 isoforms are found throughout many tissues though their expression

varies widely, and the α3 isoform is specific to the testis. In cardiac tissue, the ratio

of α1 to α2 is approximately 1.2:1 [143]. The different biochemical, cellular, and

functional roles of each α isoform continues to be elucidated.

The CapZ β1 and β2 isoforms are also found throughout various tissues,

and similarly to the α3 subunit, the β3 isoform is specific to the testis. Because

each β isoform is generated through alternative splicing, they contain great

sequence similarity. The β1 and β2 isoforms vary only in their COOH-terminal

ends (β1—31 amino acids, β2—26 amino acids) and β3 is identical to β2 with the

addition of 29 amino acids at the NH2 terminal end [144–146]. Although the protein

sequences are extremely similar, the β1 and β2 isoforms have distinct functions and

biochemical roles. The evidence for their differing roles includes high conservation

among vertebrate species, tissue specificity, and well-defined subcellular location

[145]. The β1 isoform has been shown to be highly expressed in muscle tissue with

a ratio of β1 to β2 approximately 2:1, whereas the β2 isoform is predominately

expressed in non-muscle tissue [143, 145, 147]. Furthermore, the β1 isoform

localizes to the Z-disc in striated muscle, whereas the β2 isoform localizes to the
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intercalated discs and plasma membrane [145]. Overexpression of the β1 isoform in

cardiac tissue causes disruptions in the intercalated discs, and overexpression of the

β2 isoform causes severe malformations of the myofibril architecture [147].

The CapZ α/β complex is shaped liked a mushroom [148]. Both subunits have

similar secondary structure and are arranged such that the molecule has a pseudo-

twofold axis of rotational symmetry [148]. The COOH-terminal ends of both of the

α and β subunits have amphiphilic α-helices which bind actin on the hydrophobic

side [148–150]. The hydrophilic side of the COOH-terminal ends has isoform-

specific charge distributions and may be involved in isoform-specific recognition of

target ligands [148]. Thus, the tentacles present on CapZ are hypothesized to allow

binding of both actin and a specific target protein. The separation of the two

C-terminal ends ensures that each tentacle binds a single actin monomer at the

end of filamentous actin (F-actin). This property explains the inability of CapZ to

bind monomeric actin (G-actin) and its strong association with F-actin. Further-

more, studies have shown that when CapZ is only bound to F-actin by its β-tentacle,
the molecule is able to “wobble” and thus exposes additional actin and target

binding sites to other molecules [151]. Although it was initially believed that the

β tentacle was the only mobile region on CapZ [152], new data suggest that CapZ is

intrinsically flexible allowing it to interact with the barbed-end of actin in both a

high- and low-affinity state [153].

The abundance of PKC anchoring proteins at the cardiac Z-disc indicates a

significant role for both the Z-disc and CapZ in PKC-dependent signaling

pathways. Wild-type CapZ binds F-actin with sub-nanomolar affinity (~0.1 nM)

and it has been shown through multiple studies that the C-terminal domain is

necessary for high-affinity actin binding [150, 154]. Any modifications or

mutations that affect the C-terminal ends may greatly reduce the affinity of CapZ

to F-actin [154]. CapZ was believed to bind to actin in a two-step model whereby

electrostatic interactions with the α subunit dictate the on-rate and hydrophobic

interactions of actin with the β subunit dictate the off-rate [155]. Based on affinity

and X-ray crystallography studies, an improved mechanism by which CapZ binds

actin is as follows: (1) basic residues on the α tentacle interact electrostatically with

the barbed end of actin, (2) a conformational change of CapZ to a high-affinity form

occurs, and (3) supportive binding of the β tentacle strengthens the association

[154]. Thus, a factor or mechanism that disturbs any of the binding or unbinding

steps may inhibit the capping ability of CapZ or promote uncapping. It takes nearly

10 min to translocate PKCε to the Z-disc, suggesting intramolecular rearrangement

of its binding partners and surfaces at the Z-disc [112]. It has also been suggested

that the regulatory binding region of PKCε is obscured until stimulation [156]. The

treatment of cardiomyocytes with the hypertrophic cytokine endothelin-1 or the α1-
adrenergic receptor agonist phenylephrine caused an alteration in CapZ dynamics

through a PKC- and PIP2-dependent pathway that decreased the affinity of CapZ to

F-actin [137]. Recent work from our group is focused on mechanical stimulation

and CapZ dynamics [157]. The alteration of CapZ dynamics and posttranslational

profile in response to mechanical strain is dependent upon both the subunit isoform

of CapZβ and the activity of PKCε. The dynamics data suggest that CapZβ is only
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able to respond to mechanical strain in a PKCε-dependent manner, and the

proteomic data corroborates this finding by showing all modifications of CapZ

are abrogated when cells are infected with an adenovirus expressing dominant-

negative PKCε. The mechanism through which strain and PKCε are integrated on

CapZ remains unknown but could be due to RACK binding, HDAC binding, or

other unknown interactions [113, 158–161]. Ultimately, the increase in the actin

uncapping rate may be adaptive in that it disrupts the structure of the Z-disc

allowing new actin filaments to polymerize or insert, which leads to a global

remodeling that decreases the localized load, and therefore strain, at the Z-disc.

This feedback loop would support clinical findings of cardiomyopathies in

situations of increased load and constitutively active PKCε overexpression in

transgenic animals [105, 162, 163].

CapZ is also regulated by the phospholipid signaling pathway, with protein

dynamics affected by PIP2 for neonatal myocytes undergoing hypertrophy in

culture [137]. PIP2 is the most abundant of the phosphoinositides known to bind

cellular proteins, though it accounts for approximately 1 % of lipid in the plasma

membrane of a typical mammalian cell [164]. It has been reported that PIP2 might

regulate the calcium-insensitive CapZ [142, 165–168]. PIP2 has been assumed to be

the binding partner of CapZ and yet this lipid dissociates the CapZ-actin complex

[169, 170]. PIP2 binding of CapZ results in a reduction in binding affinity of the

COOH-terminal extensions of the CapZ dimer subunits for the actin filament [137,

171]. Addition of PIP2 to capped actin filaments in a polymerization reaction leads

to an increase in the polymerization rate consistent with complete and rapid

uncapping [151, 172, 173]. According to the computational analysis, the

C-terminal half of CapZ β-subunit could contribute to lipid interaction/insertion

[174]. CapZ may bind up to four PIP2 molecules, through direct hydrogen-bonding

interactions with the binding sites [174]. Furthermore, treatment of cardiac

myofilaments (in which only the CapZ β1-subunit is present) with PIP2 extracts

CapZ and depresses myofilament tension generation [175]. PIP2 pathways increase

uncapping when myocytes are growing [137].

Other Z-Disc Proteins Involved in Cardiac Remodeling
and Hypertrophy

Much has been learned about important proteins relevant to the biophysics of heart

failure from studies of humans with DCM, which is characterized primarily by left

ventricular dilation and systolic dysfunction. This literature has been extensively

reviewed elsewhere [176–179]. The recognition that genetic defects may play

pivotal roles in the pathogenesis of DCM, especially familial DCM, has received

increasing attention during the past decade. Mutations in multiple cytoskeletal and

sarcomeric genes (dystrophin, vinculin, desmin, titin, actin, β-myosin heavy chain

(MHC), troponin T, and so on) have been linked to the pathogenesis of familial

DCM in both human and mouse models.
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Mutations in Z-line alternatively spliced PDZ-motif protein (ZASP), a

human orthologue of Cypher, have been identified in patients with isolated

non-compaction of the left ventricular myocardium (INLVM), DCM, hypertrophic

cardiomyopathy (HCM), as well as skeletal myopathy [180–182]. Cypher is a

member of the PDZ-LIM domain family and complexes directly with Z-line-

associated proteins, such as α-actinin (actinin-2), thus playing a critical role in

muscle ultrastructure and function by maintaining Z-disc integrity. Global Cypher-

null mice are postnatal-lethal with severe defects in striated muscle, including a

congenital form of DCM [183]. In addition to its developmental roles, Cypher also

plays a critical role in the adult heart, as cardiac-specific deletion in mice causes a

severe form of DCM resulting in premature adult lethality [184]. Cardiac and

skeletal muscle each contain two long isoforms, which have three C-terminal

LIM domains and may have a signaling role in addition to a structural role at the

Z-disc, and one short isoform without LIM domains, which is primarily localized

to the Z-disc. Cypher has two major isoforms. Cypher short (CypherS) isoforms

(2c, 2s) are barely detectable during embryogenesis but are strikingly induced

postnatally in both cardiac and skeletal muscles. In contrast, Cypher long

(CypherL) isoforms (1c, 1s, 3c, 3s) exhibit consistent expression patterns from

embryonic stages to adulthood. CypherL and CypherS isoforms contain a common

PDZ domain, which recognizes the C-terminus of α-actinin, calsarcin-1, and

myotilin. In humans, a ZASP mutation (R268C) that affects only short isoforms

is associated with skeletal myopathies, while ZASP mutations (I352M, D626N,

T350I D366N, Y468S, Q519P, P615L) that affect only long isoforms are primarily

associated with cardiomyopathies, some of which affect specific signaling

pathways such as those activating PKCs (PKCα, β, and ε). Selective deletion of

long but not short Cypher isoforms leads to late-onset DCM with PKC activation

[184]. The long isoform of Cypher directly interacts with PKC isoforms (α, β, ζ, γ,
and ε) via their LIM domains and can be phosphorylated by PKCβ1. As discussed
above, PKC signaling plays a critical role in the development of cardiac hypertro-

phy, and in vivo models of pressure overload-induced hypertrophy and human heart

failure are associated with increased activity of a number of PKC isoenzymes.

Studies in patients with Cypher/ZASP mutations identified a particular gain-of-

function mutation within the Cypher/ZASP third LIM domain (D626N) that is

causative for DCM and enhances the affinity of PKCs for Cypher/ZASP. The

identities of all the binding partners of PKCs at the Z-disc remain unknown,

though some have suggested Cypher-1 and enigma homologue protein, PDZ

domain containing proteins that also bind α-actinin, several RACKs, and F-actin

[159, 185–187].

Formin is another protein involved in actin capping and filament assembly. The

localization of the cardiac-specific formin, FHOD3, appears to vary with filament

maintenance or during rapid filament assembly that is correlated with mechanical

work the cell is able to do [188–191]. The Ehler group proposes that FHOD3 is at

the Z-disc in the resting state but is found from the adjacent of Z-disc through the

overlap region of the thick and thin filament during growth [189]. Precedent for this

is found in drosophila muscle, where an actin-associated protein (SALS) also
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localizes closer to the pointed end of the thin filament during development of the

body wall muscles, but re-localizes to Z-disc in the adult [192]. However, there is

still some dispute about this explanation, in which a Japanese group claimed that

FHOD3 mainly localizes to a region distant from the Z-disc in either the developing

or resting stage. This is probably because of the antibodies directed to different

regions of FHOD3. The antibodies of the Japanese group are against

650–802,873–974 and C-20, but the Ehler antibody recognizes 1–339, the

N-terminal region of FHOD3. FH2 is the assumed catalytic domain of formin,

which is much closer to C-terminus (~1,100–1,483), and associates with F-actin at

the barbed end [188]. Perhaps, altered protein posttranslational modification results

in different accessibility of the different antibodies along the length of the filament.

More research is needed to understand how formin regulates actin assembly

induced by mechanical stimulation.

The formin family of proteins stimulates actin assembly directly at the barbed

end both in vivo and in vitro [193]. Formins are relatively large (100–200 kDa)

multi-domain proteins, compared to CapZ (32–33 kDa). Formins usually dimerize

to be functional with two FH2 domains forming a donut-like structure that wraps

around the actin filament and controls its processive elongation. The FH1 domain

recruits profilin-bound actin and drives rapid actin assembly from the profilin-actin

pool [194]. Importantly, many formins can be autoinhibited. The mechanism of

autoinhibition is most studied in the diaphanous-related formins (DRFs) where

interaction between the diaphanous autoregulatory domain (DAD) and the diapha-

nous inhibitory domain (DID) is sufficient for autoinhibition [195]. FH1/FH2

domain-containing proteins, FHOD1 and FHOD3, are sometimes classified as

DRFs, with FHOD1 first discovered in the spleen [196] and FHOD3 in heart,

kidney, and brain [197]. Two isoforms of FHOD3 exist, and the heart contains

only the larger one [189, 198]. FHOD1 is phosphorylated at three specific sites

within C-terminal DAD by the ROCK [199], which releases the autoinhibition of

FHOD1 and leads to F-actin stress fiber formation in endothelial cells [188]. Using

an actin polymerization assay in vitro, formin blunted the capping property [200]

but, as of yet, there is no evidence showing these proteins directly interact [201].

Conclusions with Respect to the Biophysics

of the Failing Heart

Individual myocytes in the human ventricle remodel their sarcomeres over time in

response to the mechanical forces experienced. This chapter reviews how biophys-

ical forces modulate the costamere and Z-disc for sarcomere remodeling in heart

failure. At each subcellular location, it is the sum of the internally generated force

of the contractile filaments and the externally imposed by the stresses and strains of

the other working myocytes. Mechanotransduction converts these local forces into

chemical signals for myocyte assembly to begin. Since, in the failing heart, the local

forces vary from one region of the ventricle to another, sarcomere remodeling also
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varies from cell to cell resulting in populations of myocytes in one region becoming

longer or stronger over time. It is this slow remodeling process that eventually

becomes maladaptive exacerbating rather than resolving the ability of the heart to

pump blood effectively.

The biophysics of cardiomyocyte mechanotransduction is discussed in detail for

the two major structures that drive sarcomere remodeling in heart failure, namely

the costamere and the Z-disc. The muscle is highly anisotropic so biophysical force

transmission depends on both the longitudinal or transverse direction of the force as

well as the balance between outside-in and inside-out force generation. For the

costamere, the earliest steps in new sarcomere assembly are described in terms of

the attachment to the ECM and local force transmission. The most important

molecules in the mechanotransduction and assembly processes of the costamere

are the integrins, talin dimers, focal adhesion proteins, and other protein kinases.

The forces are transmitted from the costamere internally to the Z-disc permitting an

extensive amplification of filament assembly throughout the width and length of the

myocyte. Therefore, the specialized structure and proteins of the Z-disc are

discussed, especially the actin capping protein CapZ.

Despite the vast amount of knowledge of the multi-protein complexes of

the costamere and Z-disc, there is currently no clinical strategy to reduce or prevent

the maladaptive cardiac remodeling that occurs at the subcellular level of each

myocyte in the heart. Most of these same local responses of the myocyte to force

are advantageous in remodeling to exercise making it challenging to determine

the differences between the two in order to redirect a failing heart down a

healthier path.
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