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Striated muscle proteins are regulated both by mechanical
deformation and by chemical post-translational modification
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Abstract
All cells sense force and build their cytoskeleton to optimize function. How is this achieved? Two major systems are involved.
The first is that load deforms specific protein structures in a proportional and orientation-dependent manner. The second is post-
translational modification of proteins as a consequence of signaling pathway activation. These two processes work together in a
complex way so that local subcellular assembly as well as overall cell function are controlled. This review discusses many cell
types but focuses on striated muscle. Detailed information is provided on how load deforms the structure of proteins in the focal
adhesions and filaments, using α-actinin, vinculin, talin, focal adhesion kinase, LIM domain-containing proteins, filamin,
myosin, titin, and telethonin as examples. Second messenger signals arising from external triggers are distributed throughout
the cell causing post-translational or chemical modifications of protein structures, with the actin capping protein CapZ and
troponin as examples. There are numerous unanswered questions of how mechanical and chemical signals are integrated by
muscle proteins to regulate sarcomere structure and function yet to be studied. Therefore, more research is needed to see how
external triggers are integrated with local tension generated within the cell. Nonetheless, maintenance of tension in the sarcomere
is the essential and dominant mechanism, leading to the well-known phrase in exercise physiology: “use it or lose it.”

Keywords Integrin .Mechanotransduction .Mechanobiology . Costamere . Adhesome . Sarcomere

Introduction

All cells sense force and build their cytoskeleton to optimize
function. How is this achieved? Two major systems are in-
volved. The first is that load deforms specific protein struc-
tures in a proportional and orientation-dependent manner. The
second is post-translational modification of proteins as a con-
sequence of signaling pathway activation. These two process-
es work together in a complex way so that local subcellular
assembly as well as overall cell function are controlled. This
review discusses many cell types but focuses on striated
muscle.

Myocytes are specialized contractile cells that possess the
particular feature of producing significant anisotropic force.
This differentiates them from other cell types that are limited
to sensing mechanical forces and developing isotropic forces.

Newton’s Third law of motion states that when one object
exerts a force on a second object, that second object exerts a
force that is equal in magnitude and opposite in direction on
the first object. Therefore, there is a pair of forces acting on the
interacting objects regardless of the source of the force. Thus,
in all cells, the forces can be divided into exogenous, gener-
ated exterior to the cell, and endogenous, generated internally
(Gautel and Djinović-Carugo 2016; Ward and Iskratsch 2020;
Yang et al. 2015).

Cardiac and skeletal myocytes possess highly evolved and
organized cytoskeletal arrays called sarcomeres, composed
primarily of actin and myosin along with a vast number of
associated proteins that provide directed contraction. The
forces of a muscle fiber are generated by the myosin motors
in the thick filaments acting upon the thin filaments. These
forces deform many proteins in the connected sarcomeric
structure, such as titin that supports the spring-like properties
of the sarcomere. Importantly, force is transmitted laterally via
the Z-discs to the extracellular environment at the integrin
focal adhesion complex, known as the costamere in muscle.
Conversely, there are forces generated externally that propa-
gate via the costamere to the interior cytoskeleton (Samarel
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et al. 2013). At the cell membrane, the integrins, stretch-
activated ion channels (Jiang et al. 2021), cadherins, the nu-
clei, and many other elements are deformed by force, which
all contribute to the mechanotransduction response, collec-
tively named “tensegrity” (Ingber 2006). Thus, nomatter from
which direction the force comes, it is detected, and signals are
then transmitted downstream throughout the cells through
YAP1 (Dupont et al. 2011). Thus, both inside-out and
outside-in mechanical forces lead to deformation of a milieu
of structural proteins embedded in the cytoskeleton of
myocytes because of Newton’s Third Law and the structural
connectivity of all these cytoskeletal proteins. However, biol-
ogymight well introduce some asymmetric responses depend-
ing on orientation of the sensor, direction of the force, and
which chemical signaling pathways become activated.

Cells also respond to external signals when ligands or hor-
mones bind to transmembrane proteins to trigger conforma-
tional changes in cell membrane receptors that activate signals
downstream. This sets up a chain reaction that amplifies the
signal by second messengers pathways specific to each source
of stimulus. For example, second messengers, such as Ca2+,
cyclic adenosine monophosphate (cAMP), and inositol 1,4,5-
trisphosphate (IP3), activate phosphatases and acetyltransfer-
ases that phosphorylate and acetylate cytoskeletal proteins
(Russell and Solís 2021). In turn, these modifications promote
rapid assembly of the cytoskeleton or initiate contraction and
motility in cells. Other destinations of these signals converge
in transcription factors that promote their migrations in and
out of the nucleus to alter gene expression. Many of these
signals are discussed in this review with a focus on those most
relevant to striated muscle cells. Many other proteins critically
involved in mechanotransduction and mechanosensation
could have been selected, such as fibronectin from the extra-
cellular matrix, the cortical actin and spectrin cytoskeleton, or
the lamins in the nucleus.

The focus of this review is to aid in understanding how the
cells adapt by integrating the physical forces of altered work
with the chemical signaling pathways. Some key structural
mechanosensors and relevant signaling pathways that modify
protein conformation are described in detail. Finally, several
unanswered questions in the complex field of muscle growth
and plasticity are identified, showing why there is still a need
to tackle research questions with a multidisciplinary approach.

Load deforms structure of proteins
in the focal adhesions, named costamere
in muscle

All mammalian adherent cells, including striated muscle cells,
possess a vast set of cytoskeletal proteins that provide struc-
tural stability for cell anchoring and also response to mechan-
ical forces. The response to mechanical forces leads to

cytoskeletal protein deformations to unleash new functionali-
ties that vary with each protein. These tension-driven confor-
mational changes in the protein may elicit specific biochemi-
cal reactions (Wang et al. 2019). The downstream effects from
mechanical deformation of protein domains can lead to chem-
ical post-translational modification or to the non-covalent
binding/unbinding or binding partners such as proteins, or
small molecules that act as ligands. Proteins with well-
studied load transduction mechanisms in muscle will be the
focus of this review. Many of these proteins are found in the
focal adhesion on the cytoplasmic side of the transmembrane
integrin. The focal adhesion is a major location for force de-
tection and subsequent protein deformation, see Fig. 1A.
Shown here before and after loading are focal adhesion kinase
(FAK), paxillin, vinculin, talin, zyxin, and four-and-a-half
LIM domains 2 (FHL2). Other members of the LIM
domain-containing proteins are discussed in detail below.
Filamin is the example selected from the cytoskeleton. Note
dystrophin is a very important component lying under the
sarcolemma and provides mechanical strength, and
mechanopro tec t ion , to i t . However , i t s ro le in
mechanosignaling could be indirect as loss of dystrophin in
skeletal muscles is reported to cause aberrant signaling from
increased cytoskeletal stress (Iyer et al. 2019). Readers are
encouraged to consult the dedicated references (Gao and
McNally 2015).

Vinculin

Vinculin is a member of the cadherin and integrin cell adhe-
sionmultiprotein complex where it bridges to actin and talin in
a load-dependent manner. Structurally, vinculin is composed
of a head domain that binds to talin and a tail domain that
binds to F-actin and PIP2 (Izard and Brown 2016). Vinculin
exists in an autoinhibited state, comprised of interactions be-
tween the vinculin head and tail domains, that become acti-
vated with the unfolding of the talin rod domains. Vinculin
activation, the state in which vinculin binds to actin and talin
with high affinity, may occur via several mechanisms includ-
ing direct interaction with talin, force-mediated activation,
PIP2 binding and phosphorylation; however, the specific
mechanisms involving vinculin activation and recruitment to
the focal adhesions remain unsolved (Bays and DeMali 2017;
Khan and Goult 2019). Nevertheless, the general mechanism
of vinculin attachment to actin and load bearing is unidirec-
tional with increasing binding stability of the F-actin-vinculin
interaction with increasing loads applied to F-actin towards
the pointed end direction (Huang et al. 2017). In cardiac
myocytes, vinculin localizes to costameres and adherens junc-
tions. While costameric adhesion implies a classic focal adhe-
sion multiprotein complex involving integrin attachment, vin-
culin binding to adherens junctions is anchored via N-
cadherins along with the α/β-catenins, where α-catenin has
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been shown to be required for vinculin recruitment (Lyon
et al. 2015; Merkel et al. 2019).

Metavinculin is a splice variant of vinculin that contains an
additional peptide extension at the C-terminal (Byrne et al.
1992).While vinculin is ubiquitously expressed, metavinculin
expression is limited to smooth, cardiac, and skeletal muscles
(Witt et al. 2004). In general, vinculin dimerization is a step
implicated in the activation of vinculin. Metavinculin dimers
can bind two PIP2 molecules while the vinculin dimers only
bind one. Interestingly, a metavinculin mutant containing a
R975W substitution involved in dilated and hypertrophic car-
diomyopathy fails to dimerize, which could decrease the abil-
ity of metavinculin to stabilize cell adhesions (Chinthalapudi
et al. 2016). In vitro studies on the metavinculin point muta-
tions A934V and ΔL954 associated with DCM and the
R975W mutation associated with both dilated and hypertro-
phic cardiomyopathy have shown that all mutants exhibit an
increased F-actin bundling capacity (Sarker et al. 2019).
Metavinculin expression in the heart is much lower than vin-
culin (Witt et al. 2004) making it intriguing to study how this

mutation may affect cardiomyocyte remodeling leading to
hypertrophy.

Talin

Talin is large focal adhesion protein composed of 4.1 (F),
ezrin (E), radixin (R), moesin (M) or the FERM domain that
interacts with integrin, and a rod domain that interacts with
both actin and vinculin. The formation of the focal adhesion is
in part mediated by the activation of integrins via simulta-
neous interactions with extracellular matrix ligands and inter-
actions with the talin FERM domain, specifically via the
integrin binding site 1 in the FERM F3 domain (Anthis et al.
2009). A recent crystal structure shows the inhibited state of
talin is in a globular conformation (Dedden et al. 2019). Upon
activation, talin extends exposing two actin-binding sites in
the rod domain (Hemmings et al. 1996) and a third actin-
binding domain in the FERM domain (Lee et al. 2004).
Talin also recruits the type 1 phosphatidylinositol phosphate
kinase by the FERM domain of talin that catalyzes the local

Actin

Vinculin

Talin unfolding
PIP2

High tension

Integrin

Zyxin

α-actininFHL2

Activated vinculin

Extracellular space

FHL2 bound 
to tense actin
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Nucleus

Filamin dimer

Cryptic binding 
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Activated FAK
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Fig. 1 Structural deformation at rest compared to loaded states at the
focal adhesion and costamere. (A) Talin binds to activated integrin at
the focal adhesion (costamere in muscle) to stabilize actin filaments.
With increased load, talin rod repeats unfold permitting vinculin associ-
ation and strengthening actin anchoring. Other proteins like paxillin and
focal adhesion kinase (FAK) are also recruited. High actin tension leads

to recruitment of LIM-containing proteins like zyxin and FHL2. (B)
Filamin dimers crosslink actin filaments. Interactions between the Ig-
like domains become disrupted with increasing mechanical loads on ac-
tin. This untangling leads to exposure of cryptic binding sites of proteins
like integrins
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synthesis of PIP2 from phosphatidylinositol 4-phosphate (Di
Paolo et al. 2002; Ling et al. 2002). A secondary type of actin
anchoring to talin is by the unfolding of the rod domains in
talin that become vinculin-binding sites. R3, the fist talin do-
main to unfold, is held by internal non-covalent interactions
and unfolded with mechanical forces over 5 pN (Yao et al.
2014). This mechanical unfolding leads to the recruitment of
activated vinculin that then acts as a bridge to link actin and
talin (del Rio et al. 2009; Izard et al. 2004). Unfolding of talin
leads to the exposure of up to 11 vinculin binding sites
(Gingras et al. 2005). When a talin 1 Förster Resonance
Energy Transfer (FRET) sensor, which exhibits FRET re-
sponse by forces under 5 pN, is expressed in neonatal rat
ventricular myocytes a cyclic FRET response is observed in
spontaneously contracting myocytes at physiologic levels of
substrate stiffness of 6 kPa. However, when the stiffness is
similar to levels seen in fibrotic tissue near 130 kPa or at the
very soft 1 kPa, the cyclic FRET response is lost, indicating an
active sensing of tension at focal adhesions (Pandey et al.
2018). It is unknown how these results translate to adult
cardiomyocytes that mainly express the talin 2 isoform which
has different properties than talin 1 such as increased binding
of vinculin at low strain forces (Manso et al. 2013).

Focal adhesion kinase

Focal adhesion kinase (FAK) contains an N-terminal FERM
domain, which is a module localizing various proteins at the
interface between the plasma membrane and the cytoskeleton.
Next is the tyrosine kinase domain, then a 220-residue pro-
line-rich region, and finally a C-terminal focal adhesion
targeting (FAT) domain. The globular domains of FAK have
been characterized (Arold et al. 2002; Ceccarelli et al. 2006;
Hayashi et al. 2002). FAK is autoinhibited in the cytosol but
becomes activated (i.e., the kinase domain is able to phosphor-
ylate substrates) when bound to integrin and other proteins in
the focal adhesion complex, such as talin, vinculin, and
paxillin (Fig. 1A). FAK is the first protein recruited to the
focal adhesion when the cell experiences an external mechan-
ical stimulus, unfolding it to reveal the Tyr-397 residue, and
initiating the autophosphorylation and focal adhesion-
mediated signaling (Bauer et al. 2019). The crystal structure
of the FERM and kinase region shows how FAK
autoinhibition is achieved by interactions between the
FERM and the catalytic domain (Lietha et al. 2007). At the
N-terminus, FAK undergoes S910 phosphorylation via PKCδ
and Src-dependent pathways that are important for cell
spreading and sarcomere reorganization (Chu et al. 2011).
An excellent review of how force affects FAK structure and
mechanotransduction provides more details (Tapial Martínez
et al. 2020).

FAK plays a major role in normal response to local forces,
including matrix stiffness. Various cells types grown on stiffer

substrates generate higher forces in the focal adhesions, and
FAK activity also increases (Seong et al. 2013). Furthermore,
FAK localization to focal adhesions and phosphorylation oc-
cur in response to increased muscle fiber loading, which reg-
ulates skeletal muscle differentiation and muscle size (Graham
et al. 2015). FAK phosphorylation increased when cultured
heart cells were mechanically strained (Torsoni et al. 2003).
Senyo et al. demonstrated that while ERK phosphorylation
increases with transverse and longitudinal stretching of neo-
natal rat ventricular myocytes, FAK phosphorylation in-
creases only when myocytes are stretched in the transverse
direction (Senyo et al. 2007). This differential response of
FAK to the force direction may play a role in diseases that
cause altered tissue stiffness such as cancer and heart disease
(Urciuoli and Peruzzi 2020). For example, aberrant
mechanotransduction in the heart is tightly linked to the local
forces at the focal adhesions and FAK activation (Samarel
2014). Stiffness arising from fibrosis is a major signal to trig-
ger hypertrophy in the overloaded myocardium (Franchini
et al. 2000; Knöll et al. 2003; Samarel 2014). As such, FAK
could be involved in eliciting counterproductive activation of
pro-hypertrophic signaling pathways as those involved in di-
lated cardiomyopathy due to the disproportional gain in the
local tissue stiffness from collagen deposition.

LIM domain-containing proteins

The Lin11, Isl- 1, and Mec-3 (LIM) domain family is a large
group of proteins that have in common the zinc-finger motif
(Li et al. 2012). Functionally, these proteins are better charac-
terized as regulatory proteins in the cytosol and cytoskeleton
that also may play a dual role as transcription factors. Many of
these proteins are found associated with the sarcomere, partic-
ularly to the Z-disc (Frank et al. 2006; Hoshijima 2006; Solís
and Solaro 2021).

A subset of this LIM family of proteins exhibits
mechanosensing via mechanisms recently discovered. One
of these is the sensing of actin tension via tandem LIM do-
mains. Winkelman et al. reported that those proteins contain-
ing at least three tandem LIM domains such as zyxin, paxillin,
tes, and enigma tend to accumulate in stress fibers undergoing
high force (Winkelman et al. 2020). Similarly, the proteins
zyxin, paxillin, and FHL tend to accumulate in stress fibers
of cells. These properties were recapitulated in vitro as dem-
onstrated by the increased binding of FHL3 to F-actin under
tension by surface-immobilized myosin V and myosin VI that
engage in pulling F-actin in opposite directions (Sun et al.
2020).

The func t ion of the tandem LIM-domains as
mechanosensors and transcription factors is best exemplified
by Four-and a half LIM domains 2 (FHL2) also known as
DRAL (down-regulated in rhabdomyosarcoma) (Genini
et al. 1997). FHL2 has a dual function as a mechanosensor
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by binding to focal adhesions and as a transcription factor by
regulating p21 expression. The role of FHL2 as a
mechanosensor is demonstrated by its decreased association
to focal adhesions in the preence of a Rho-associated kinase
(ROCK) inhibitor with a concomitant migration of FHL2
from the cytoplasm into the nucleus (Nakazawa et al. 2016).
This accumulation in the nucleus is also observed under low
substrate stiffness of under 10 kPa FHL2 in which nuclear
accumulation is facilitated by FAK phosphorylation at Y93
(Nakazawa et al. 2016). The role of FHL2 as a transcription
factor stems from its ability to interact with RNA polymerase
II to upregulate p21 gene expression involved in inhibition of
growth. In striated muscles, FHL2 has been reported to inter-
act with ERK-2 (Purcell et al. 2004), the muscleα7β1 integrin
receptor (Samson et al. 2004), FAK (Nakazawa et al. 2016),
the Z-discs (Purcell et al. 2004), and the titinM-band and N2B
regions (Lange et al. 2002; Radke et al. 2007). Upregulation
of FHL2 appears to suppress hypertrophic stimuli in vitro by
blocking ERK-2 transcriptional activity in the nucleus (Purcell
et al. 2004). FHL2 overexpression blunts the hypertrophic
effects of phenylephrine and aortic banding (Friedrich et al.
2014). Interestingly, FHL2 appears to be downregulated in
patients with hypertrophic cardiomyopathy (Friedrich et al.
2014). Despite this evidence, FHL2 mice knockdowns have
shown mixed results with reports of no effects in hearts even
when subjected to aortic banding (Chu et al. 2000), to signif-
icant enhancement of hypertrophy from chronic infusion of
isoproterenol (Kong et al. 2001). Such prior findings should
be further studied in light of the better understanding of tan-
dem LIM domains as mechanosensors that bind to F-actin
under high tension.

Filamin

Filamins constitute a family of immunoglobulin (Ig)-like do-
main proteins composed of filamins A, B, and Cwith the main
function being to provide structural support by crosslinking
actin (Razinia et al. 2012). Filamin A and B are ubiquitously
expressed in mammalian cells while filamin C is restricted to
striated muscles (Mao and Nakamura 2020). Filamins can
dimerize via the Ig repeat 24 at their C-terminus (Pudas
et al. 2005) while their actin-binding capacity is provided by
two calponin homology domains located at the N-terminus
(Iwamoto et al. 2018). Filamins have been shown to interact
with other proteins like integrins while competing with talin
for the cytoplasmic tail of the integrin β subunit (Kiema et al.
2006). Filamin A and B have an additional actin binding site at
the Ig repeat 10 that is absent in filamin C (Suphamungmee
et al. 2012). The role of filamin as mechanical sensor is illus-
trated by its differential binding of partners in absence and in
presence of strain (see Fig. 1B). For example, under low levels
of load filamin A interacts with FilGAP. However, increasing
loads via its interaction with actin leads to unbinding of

FilGAP as a result of the untangling of the filamin Ig-repeats
(Mao and Nakamura 2020). Taken together, filamins are im-
portant strain sensors that orchestrate the activation of signal-
ing pathways from their untangling response to increasing
actin tension.

Load deforms structure of proteins
in the sarcomere

Sarcomeres constitute the main frame of the structure.
Sarcomeres consist to thin filaments made from actin, tropo-
nin, and tropomyosin while thick filaments have myosin
heavy chains and myosin binding protein C (MyBP-C).
These two filaments are organized in a regular pattern by
proteins at the Z-disc like α-actinin, CapZ, and telethonin that
support thin filaments and by theM-bad proteins like obscurin
and myomesin that support thick filaments. Titin extends
along both filaments starting at the Z-disc and ending and
the M-line. Like costameres discussed above, the sarcomeres
have very dynamic load-bearing proteins that deform in re-
sponse to mechanical loads. Some of the most relevant pro-
teins including myosin, α-actinin, titin, and telethonin are
discussed in this section.

α-actinin

Located at the Z-disc,α-actinin is ubiquitously found in mam-
malian cells as a dimer that bundles parallel actin filaments.
There are four α-actinin isoforms of which isoforms 2 and 3
are found in striatedmuscles (Sjöblom et al. 2008). The crystal
structure of the α-actinin dimer shows an antiparallel assem-
bly in which the calmodulin-like domains at the C-terminus
bind to the neck region next to the actin-binding domain
(Ribeiro Euripedes de Jr et al. 2014). This binding interaction
renders the calmodulin-like domains available to interact with
the titin Z-repeats. During muscle contraction the Z-disc mesh
constituted by α-actinin and actin filaments experiences re-
versible deformations (Gautel and Djinović-Carugo 2016).
Early electron microscope images in cardiac (Goldstein et al.
1989) and skeletal soleus muscles (Goldstein et al. 1988) have
attributed a small square-lattice to the relaxed state, with a
smaller actin separation, and a basketweave-lattice to the con-
tractile or unstimulated muscles, with a larger actin separation.
However, recent electron microscopy reconstructions have
attributed a basketweave-lattice to the relaxed state, showing
a smaller actin separation, and a diamond-shaped lattice to the
contractile state, showing a larger actin separation (Fig. 2A)
(Oda and Yanagisawa 2020). These structures may be specific
to each muscle type, as the basketweave-lattice conformation
has also been found in relaxed muscles of plainfin midship-
man fish (Porichthys notatus) (Burgoyne et al. 2019). Another
recent electron microscope reconstruction of single psoas
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myofibrils in the rigor state found a rhomboid pattern in the Z-
discs (Wang et al. 2021). While the skeletal and cardiac mus-
cles greatly differ in protein isoform content and ultrastruc-
ture, the diamond-shaped pattern seen in the contracting por-
cine cardiac muscle preparations are similar to those of rigor
soleus muscles (Oda and Yanagisawa 2020; Wang et al.
2021). More studies are needed to clearly define the relaxed
and contractile conformations of the Z-disc lattice for each
muscle type.

Telethonin

Telethonin (or T-cap) is a titin N-terminal cross-linker found
in striated muscles in the Z-disc that exhibits unidirectional
resistance to force when complexed to titin (Fig. 2B). Each
telethonin links two titin Z1-Z2 immunoglobulin-like do-
mains by adopting a beta-sheet conformation that displays
the two titin N-termini in a palindromic geometry (Zou et al.
2006). When the two titin N-termini are pulled from their C-

High tension
Z-disc cross-section

C-term
(to M-line)

Titin kinase folded (inactive)

Sarcomere M-band

Low cytoskeletal 
load/tension

Myosin
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High cytoskeletal 
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Titin kinase unfolded (activated)

A

D

C
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(to Z-disc)
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Fig. 2 Striated muscle proteins showing structural deformation at rest
compared to loaded in the sarcomere. (A) The α-actinin and actin lattice
is deformed when muscles go from a relaxed to contracting state leading
to an increased actin-actin separation. (B) Titin N-terminal domain an-
choring at the Z-disc exhibits a unilateral resistance to increased loads in
the direction of contractile force by thin and thick filament sliding. (C)
The titin kinase domain of striated muscle unfolds with high tension from

actomyosin contraction leading to autophosphorylation and activation of
hypertrophic signaling pathways.With excessive loads telethonin leads to
p53 downregulation possibly via direct interactions with p53 and its cog-
nate E3 ligase MDM2. (D) Myosin detachment rate from actin post-
power stroke decreases with increased loads against the direction of the
myosin level arm swinging
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terminus, as normally occurs during active muscle contrac-
tion, the resistance to disrupt the non-covalent interactions
between telethonin and the two titin Z1-Z2 ends can be as
high as half the force needed to break a covalent bond.
These high forces are attributed to the selective clustering of
hydrogen bonds to the C-terminus side of the Z1-Z2 domain
that prevent shear motion similar to a hook (Bertz et al. 2009).
Even though the titin-telethonin complex is stable in the ab-
sence of any mechanical forces, the complex is more suscep-
tible to breaking when the forces are applied in the opposite
direction. The implications for this directionality are clearly
imposed by the stretching forces during sarcomere shortening.
Telethonin appears not to be essential for normal muscle func-
tion since mouse knockouts are viable and heart failure only
develops when these mice are subject to ventricular overload
that causes sarcomeric disarray (Knöll et al. 2011). However,
telethonin global knockouts in mice revealed increased skele-
tal muscle stiffness accompanied by upregulation ofmyostatin
(Markert et al. 2010). The role of telethonin may be to act as a
regulator of the stress response since upregulation of
telethonin decreases the levels of the proapoptotic tumor sup-
pressor p53 (Knöll et al. 2011).

Live cell imaging of telethonin-GFP constructs show that
telethonin is incorporated late in the process of de novo for-
mation of new sarcomeres, or myofibrillogenesis, as pre-
myofibrils lack incorporation of telethonin until striated sar-
comeres form (Wang et al. 2005). This is despite that near
15% of titin is found in a soluble fraction (Rudolph et al.
2019). Given the large size of titin, the odds of arranging
two titin N-termini in close proximity may be too low except
for when two titin N-termini are incorporated at close proxim-
ity in sarcomeres. Telethonin is a substrate for protein kinase
D phosphorylation in Ser-157 and Ser-161 and normal phos-
phorylation is necessary for maintenance of T-tubule stability
and normal Ca2+ signaling during contraction (Candasamy
et al. 2014). Taken together this evidence shows that
telethonin is accomplishing a secondary role in sarcomere
assembly rather than working as a sensor for pathologic me-
chanical stress in assembled sarcomeres.

Titin

Titin is the largest protein in mammals, with a near 3 MDa
mass that spans a half-sarcomere (~1 μm in cardiac muscle
and ~1.2 μm in skeletal) from Z-disc to M-band. Near the C-
terminus located at the M-band, titin harbors a serine-
threonine kinase domain termed titin kinase, which is suscep-
tible to activation via mechanical unfolding (Gräter et al.
2005; Puchner et al. 2008). Autoinhibition is controlled by
the C-terminal autoinhibitory tail that becomes unfolded with
mechanical strains of near ~30 pN at 37°C (Puchner et al.
2008). Interestingly, Ca2+/calmodulin can also release the in-
hibition of the C-terminal autoinhibitory tail in vitro, possibly

due to direct binding, leading to activation of the kinase
(Mayans et al. 1998). Upon unfolding of the autoinhibitory
tail (Fig. 2C), titin kinase binds ATP to initiate autophosphor-
ylation of the autoinhibitory tyrosine (Puchner et al. 2008).
This titin kinase domain appears to form a signalosome com-
posed by sequential interactions between titin kinase, NBR1,
p62, MuRF2, and SRF (Lange et al. 2005). NBR functions as
a cargo receptor in autophagy and interacts with p62 (also
known as SQSTM1), which functions as an autophagy recep-
tor for the degradation of ubiquitinated proteins (Sánchez-
Martín and Komatsu 2018). In turn, p62 interacts with the
E3 ubiquitin ligase MURF2 (also known as TRIM55) neces-
sary for normal metabolism of myofibrillar proteins (Lodka
et al. 2016; Witt et al. 2008; Witt et al. 2005). Lastly, MuRF2
interacts with SRF in the nucleus. SRF is an ubiquitous tran-
scription factor involved in development that interacts with
the myocardin-related transcription factor family responsible
for the gene regulation of several contractile proteins (Miano
et al. 2007; Olson and Nordheim 2010). In conjunction, arrest
of beating in cardiomyocytes promotes nuclear translocation
of sarcomeric MuRF2 and concomitant release of SRF from
the nucleus into the cytoskeleton (Lange et al. 2005). As such,
on one hand it appears that the mechanical feedback on the
titin kinase signalosome provides a direct link to the regulation
of gene expression via selective exclusion of the transcription
factor SRF between the cytoplasm and the nucleus. On the
other hand, it is p62 that may be directly regulating protein
turnover and quality control via selective autophagy (Danieli
and Martens 2018). The conjunction of these signals could be
responsible for the differential effects of different regimes of
mechanical stimuli such as increased hypertrophy from eccen-
tric contractions relative to contralateral and isometric muscle
contractions in skeletal muscles (Barash et al. 2004).

Myosin

Themyosin superfamily is composed of 15 classes of myosins
(Sellers 2000).These ATPase motor proteins convert high-
energy phosphate bonds from ATP into mechanical force
leading to a swinging motion of the myosin lever arm
(Forkey et al. 2003). The swinging motion of this lever arm
leads to useful work by moving cellular cargoes along actin
fibers as in the case of the progressive motor myosin V (Mehta
et al. 1999) or by ensembles of myosin II motors that exhibit
short-lived attachment to actin and assemble into thick fila-
ments to promote muscle contraction (Hanson and Huxley
1953; Huxley and Niedergerke 1954; Huxley 1953). Unlike
a normal ATPase enzyme, the chemo-mechanical reaction
cycle of myosin is sensitive to mechanical forces that act in
opposite direction of the lever arm swinging motion
(Capitanio et al. 2012; Sung et al. 2015). This strain-
dependence describes an exponential relationship between
the externally applied force and the myosin detachment rate
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and it is in part due to inhibition of ADP release from
myosin (Greenberg et al. 2014; Mentes et al. 2018).
This load-dependent change in myosin behavior is shown
diagrammatically, Fig. 2D. Interestingly, progressive my-
osin motors like myosin VI appear to be less sensitive to
strains compared to non-progressive myosins (Altman
et al. 2004). Drugs like omecamtiv mecarbil that increase
the attachment lifetime of myosin in the pre-power-stroke
state (Planelles-Herrero et al. 2017; Woody et al. 2018)
render myosin less sensitive to changes in the external
load (Liu et al. 2018). In summary, myosins have a very
distinctive response to strain depending on its class and
drugs have been shown to modulate the force to detach-
ment rate relationship.

Second messenger signals distributed
throughout the cell cause post-translational
or chemical modifications of protein
structures

In addition to the localized physical forces discussed above,
all cells respond to chemical stimuli initiated by a trigger or
first messenger, usually the binding of a ligand to a cell mem-
brane receptor such as the integrins (Humphries 2000) or the
G protein–coupled receptors (Pfleger et al. 2019; Weis and
Kobilka 2018). This results in amplification into a signaling
cascade of second messengers, which diffuse throughout the
cell as a series of molecular events. In cardiac muscles, ligands
such as angiotensin II and epinephrine activate angiotensin II
type 1 receptors (AT1R) andβ1 adrenergic receptors (β1AR),
respectively, while voltage change activates the calcium re-
lease. Downstream signals and their destinations are shown in
Fig. 3. These extracellular signals lead to the activation of
second messengers such as cyclic AMP (cAMP), inositol
1,4,5-trisphosphate (IP3), diacylglycerol (DAG), and cytosol-
ic Ca2+ release. Note that the initial signal is amplified inmany
cascading events such as β-arrestin for angiotensin II (Ryba
et al. 2017). In all striated muscles, the excitation-contraction
process begins with the depolarization of the membrane that
activates the voltage-sensitive L-type calcium channels that
promote Ca2+ release across the sarcolemma and the T-tu-
bules. These Ca2+ transients activate the ryanodine receptors
that enable sarcoplasmic Ca2+ release. The Ca2+ pulse acti-
vates thin filaments by binding to troponin C to promote ac-
tomyosin contraction. The secondary messengers activate en-
zymes such as protein kinase A (PKA), protein kinase C
(PKC), protein kinase D (PKD), RSK3, and Ca2+/calmodu-
lin-dependent protein kinase II (CaMKII), that (de)-phosphor-
ylate, (de)-acetylate cytoskeletal proteins to match muscle
function to physiologic demand.

Excellent reviews on signaling are plentiful (Nakamura and
Sadoshima 2018). Many discuss these pathways in detail but

do not usually describe their mechanism of action on arrival at
a destination. On arrival the signals modify charge of an ami-
no acid or make other chemical changes, which alter interac-
tions with neighboring proteins resulting in a regulation of cell
function. Some of the major signaling pathways are mitogen-
activated protein kinase (MAPK/ERK), cyclic nucleotide
(cAMP)-dependent, and phosphoinositide (IP3) /diacyl glyc-
erol (DAG). Through these pathways, the most common ef-
fects of the second messengers are to alter charge on an amino
acid by adding phosphate via phosphorylation catalyzed by
protein kinases (MAPK, PKA, PKC), or by removing phos-
phate with a phosphatase (Lorenzen-Schmidt et al. 2016).
Also generated from IP3 is the phospholipid phos-
phatidylinositol 4,5-bisphosphate (PIP2) (Li et al. 2014),
which does not make a covalent bond with the amino acid
but binds to alter function. In addition, many second messen-
gers are ions, with calcium being the most important one in
striated muscle.

There are numerous examples for how each of these cas-
cading signals alters the protein structure when the chemical
modification occurs at the destination of one or more of these
signals. In this section, the focus is on the well-studied exam-
ples of CapZ in the Z-disc and troponin (Tn) as case studies.
Many other cytoskeletal proteins are also destinations of the
signals described that in turn modify protein function by co-
valent and non-covalent means. Readers are referred to spe-
cialized literature in structural proteins like muscle LIM pro-
tein (MLP) (Buyandelger et al. 2011), α-actinin (Sjöblom
et al. 2008), myosin light chain (Kamm and Stull 2011), my-
osin binding protein C (MyBP-C) (Heling et al. 2020), and
titin (LeWinter and Granzier 2010) .

Actin capping protein, CapZ

Assembly or disassembly of thin filaments is largely con-
trolled by blocking or adding actin subunits to the fast-
growing barbed end with regulation by a mushroom-like
capping protein comprised of α- and β-subunits (Edwards
et al. 2014). In striated muscle, the capping protein is
named CapZ for its location at the Z-disc (Caldwell et al.
1989). The COOH termini of the α- and β-subunits of
CapZ act like two “tentacles” critical for actin capping
and thin filament assembly of the sarcomere (Wear et al.
2003). Cryo-electron microscopy and crystallography have
defined the structure of CapZ (Narita et al. 2006;
Yamashita et al. 2003). If only the β-tentacle but not the
α-tentacle is bound to the actin, CapZ is able to ‘wobble’,
which may expose additional binding sites for other regu-
latory molecules (Kim et al. 2007; Kim et al. 2010). The α-
subunit plays an additional role in capping of the CapZ
dimer to the thin filament (Takeda et al. 2010) but more
attention has been paid to the β-tentacle.
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What mechanism underlies the regulation of CapZ binding
to actin? Post-translational modifications by phosphorylation
and acetylation, and also the phospholipid phos-
phatidylinositol 4,5-bisphosphate (PIP2) generated from IP3.
It has become clear that the control of the dynamic exchange
of the cap on and off the barbed end is regulated by modifi-
cation of CapZ received in response mechanical and neuro-
hormonal cues (Pyle et al. 2004). A series of papers, using
FRAP and other techniques, showed modification is achieved
when PKCε and PIP2 signals from activated pathways reach
the CapZβ-subunit to alter its binding dynamics to actin at the
tentacle, possibly by the phosphorylation at S-263 (Hartman
et al. 2009; Kim et al. 2007;Wear and Cooper 2004). Growing
cells on a stiff surface also activates FAK and PIP2 signaling
pathways to affect CapZ (Li et al. 2016; Li et al. 2014). A bout
of exercise delivered via cyclic strain to cardiac myocytes
growing on a flexible membrane rapidly initiates an increase
of CapZ and actin capping dynamics which abates in few
hours after the stimulation ends, and is dependent on PKCε
at the β-tentacle (Lin et al. 2015; Lin et al. 2013). Mass spec-
trometry identified CapZβ1 phosphorylation on S204 and
acetylation on K199, two residues which are near the actin-
binding surface (Lin et al. 2016). The acetylation is dependent
on HDAC3, and HDAC inhibition might provide a therapeu-
tic target (McKinsey 2012).

Troponin

The troponin (Tn) heterotrimer composed by troponin I (TnI),
troponin (TnC), and troponin (TnT) has a dual function as an
inhibitor of muscle contraction and as destination of regulato-
ry signaling pathways in striated muscles. As an inhibitor of
muscle contraction, TnC is the Ca2+ binding element of Tn
that interacts with the TnI switch peptide to promote the dis-
sociation of the TnI inhibitory and mobile domain regions
from actin (Solis et al. 2018; Tripet et al. 1997; Van Eyk
et al. 1993; Yamada et al. 2020). TnC binds Ca2+ via its EF-
hand motifs, which are ubiquitous Ca2+ and Mg2+ binding
elements in nature. While both cardiac and skeletal TnC have
four EF-hand motifs, only three of these motifs are functional
Ca2+/Mg2+ binding sites in cardiac TnC (Grabarek 2011).
During muscle contraction intracellular Ca2+ levels rise from
~0.1 to ~1 mM sufficient for the exchange ofMg2+ for Ca2+ at
the EF-hand motifs to increase the probability of opening of
an hydrophobic patch in TnC that binds to the TnI switch
peptide (Solís and Solaro 2021). The Ca2+ binding affinity
and dissociation rate of TnC can be tuned by post-
translational modifications from intracellular signals. The
best-studied modification is the S23/24 phosphorylation by
PKA in the cardiac TnI isoform that increases the dissociation
rates of Ca2+ from TnC by allosteric mechanisms. Tn
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such as cyclic AMP (cAMP) produced by adenylyl cyclase (AC), inositol
1,4,5-trisphosphate (IP3), and diacylglycerol (DAG) produced by phos-
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kinase enzymes, such as protein kinase A (PKA), protein kinase C epsilon
(PKCε), protein kinase D (PKD) Ca2+/calmodulin-dependent protein ki-
nase II (CaMKII), and class IIa histone deacetylases (HDAC) that (de)-
phosphorylate, (de)-acetylate cytoskeletal proteins. After ligand binding,

G-protein-couple receptor inactivation begins by G protein-coupled re-
ceptor kinase(GRK) phosphorylation to promote β-arrestin. This leads to
activation of other kinases such as extracellular signal-regulated kinases 1
and 2 (ERK1/2) and p90 ribosomal S6 kinase 3 (RSK3) that modify
sarcomeric proteins. Modifications by the signals for phosphorylation
(P), acetylation (Ac), binding to phospholipid phosphatidylinositol 4,5-
bisphosphate (PIP2), and PKCε binding at sarcomeric destinations are
shown at the Z-disk where the actin capping protein CapZ is modified,
and in the thin filament. Collectively, signals are integrated by the sarco-
meric proteins to match muscle function to physiologic demand
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possesses multiple phosphorylation sites that arise from other
kinases such as PKCα, PKCβII, PKCε, PKC δ, and PKG, and
PKD1 (Solaro et al. 2013). In addition to phosphorylation,
cardiac TnC has been reported to be S-nitrosylated at Cys84
leading to decreased myocardial sensitivity to Ca2+ (Irie et al.
2015). The specific contribution of these signals was illustrat-
ed by the expression of a PKA inhibitor peptide in
cardiomyocytes in mice. PKA inhibition in these mice showed
blunted β-adrenergic receptor regulation of heart chronotropy
and contractility in addition to altered Ca2+ handling (Zhang
et al. 2019). The susceptibility of myofibrillar proteins to acet-
ylation led to study the effects of an acetyl-mimetic modifica-
tion in cardiac TnI K132 that showed decreased Ca2+ sensi-
tivity in thin filaments and faster relaxation of myofibrils (Lin
et al. 2020). Other modifications may have deleterious effects
in Tn such as irreversible glycation of the TN complex due to
diabetic cardiomyopathies (Janssens et al. 2018). All these
modifications have been compiled to some extent for cardiac
TnC (Reinoso et al. 2020). In summary, this shows the wide
variety of muscle regulatory mechanism at play in a well-
studied protein like Tn. The functional characterization of
these signals in other myofibrillar proteins is still in its
infancy.

How are mechanical and chemical signals
integrated by muscle proteins? Unanswered
questions in muscle adaptation.

Use it or lose it: How does load alter sarcomere
assembly or degradation?

Exercise matters. It is known that remodeling of muscle is
regulated by the kind of exercise a muscle performs (Russell
et al. 2000). The whole heart or skeletal muscle respond to
being loaded or unloaded, but this also happens at the level of
a subcellular region of a cell in culture. Loading or neurohu-
moral stimulation (Koshman et al. 2010) stabilizes the sarco-
meric structure, decreases the dynamic protein exchange
(Hartman et al. 2009; Mkrtschjan et al. 2018; Solís and
Russell 2019), and extends the half-life before the degradation
of the muscle protein. Sarcomeric actin’s half-life is 20 days,
myosin heavy chain is 7–10 days, but the troponin I, T, and C
are 3.2, 3.5, and 5.3 days, respectively (Martin 1981). Myosin
heavy chain and actin synthesis decrease and degradation in-
creases as sarcomeres disappear (Byron et al. 1996), but these
changes reverse when cells are loaded again (Simpson et al.
1996). Importantly, once the sarcomeres disassemble, the
monomers can be tagged by ubiquitin and half-life reduced
to minutes in both cardiac and skeletal muscles (Samarel et al.
1992). Sarcomere degradation ensues through the ubiquitin
proteosome pathway (Wang et al. 2020). Studies on skeletal
muscle atrophy using proteomic analysis have reported that

myofibrillar proteins, including α-actinin and myosin, exhibit
decreased acetylation and increased ubiquitination on cast
immobilized rat hind limbs (Ryder et al. 2015). Unanswered
questions remain in understanding how tension locks the pro-
teins in place, while reduced work allows disassembly
(Chopra et al. 2018). Overall, the mechanical and chemical
stimuli govern cardiomyocyte size and contractility, Fig. 4.
But exactly how do higher levels of chemical stimulation in-
teract with direct mechanical conformational changes?

How is longitudinal vs. transverse growth regulated?

It is generally thought that to make a muscle fiber longer when
strained, new sarcomeres are added most easily at the ends of
the cells where the semi-crystalline arrays need not be
disrupted (Russell et al. 2010), or at any position in the cells
if sarcomeres are broken leaving an opportunity for repair
(Dix and Eisenberg 1991a; Dix and Eisenberg 1991b; Yu
and Russell 2005). Earlier studies addressed the question of
how pre-myofibrils are formed and how translation of muscle
proteins is distributed for the sarcomrere assembly process
(Eisenberg et al. 1991; Rhee et al. 1994; Russell et al. 1992).
Live cell imaging of tagged sarcomeric proteins show how
these processes occur in developing muscle (Sanger et al.
2010; Yang et al. 2016), which may differ from adult remod-
eling after damage.
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mechanosensors in the focal adhesions and other locations

M
ec

ha
ni

ca
l

de
fo

rm
at

io
n

Chemical signaling 
to protein modification

P

P

P

P

Ac

Ac

P AcAc P

P
PP

P

Ac

Ac

P

P
P

Ac

P
P

PIP2

PIP2

Fig. 4 Integration of mechanical deformation and chemical signals in
striated muscle. The effects of mechanical load and post-translational
modification are shown diagrammatically with the resulting protein mod-
ifications by the signals for phosphorylation (P), acetylation (Ac), and
binding of phospholipid phosphatidylinositol 4,5-bisphosphate (PIP2)
to sarcomeric destinations. Mechanical loading alone triggers muscle
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deformed proteins while the chemical signals is distributed throughout
the cells. Thus, both local and whole cell response can be regulated
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must also be oriented in order to explain detection of direc-
tionality and response in length and width regulation. What
and where are these mechanosensors, and what signaling
pathways do they activate? Lengthening sarcomeres by strain
leads to the addition of new sarcomeres to return to the opti-
mal sarcomere length at the single neonatal myocyte level
within hours (Mansour 2004) where a PKCε-dependent sig-
naling pathway appears critical in linking external mechanical
stimulation to the internal environment. The focal adhesion
complex, through FAK, is also necessary for the cardiac re-
modeling process. Transverse strain of aligned myocytes in-
creases phosphorylation of FAK (Y397pFAK), and ERK1/2
(Thr183)/Tyr185) more than longitudinal strain (Senyo et al.
2007). Also, paxillin (pY31) phosphorylation increases with
longitudinal strain. These findings implicate a primary confor-
mational change of proteins in the focal adhesion, perhaps
leading to access of cryptic sites, as well as activation of sig-
naling pathways.

The ERK pathway was further implicated in a transgenic
mouse model (Kehat et al. 2011). Recently a target for ERK in
the asymmetrical cardiac myocyte hypertrophy has been de-
scribed as being modulated by serum response factor phos-
phorylation (Li et al. 2020), regulated by RSK3 (p90 ribosom-
al S6 kinase type 3) and protein phosphatase 2A (PP2A) at
signalosomes organized by the scaffold protein muscle A-
kinase anchoring protein β (mAKAPβ). These scaffold sen-
sors are situated near the cell membrane, but sarcomere as-
sembly is regulated at more distant sites (Taneja et al. 2020).
This suggests that a signaling pathway is amplifying some
local protein deformation event. It is known local protein dy-
namics are regulated in a localized load-dependent manner as
detected by FRAP as cited above. How does local mechanical
deformation of specific proteins interact with whole cell sig-
naling events? Note that other oriented sensors may remain to
be identified.

How does a lengthening versus a shortening
contraction regulate hypertrophy?

First it is necessary to point out that the terms concentric and
eccentric are used in the opposite manner for skeletal and
cardiac muscle. Skeletal refers to changes in the muscle itself
while the cardiac refers to the position of the heart in the chest.
Therefore, the terms lengthening and shortening contractions
are preferable (Russell et al. 2000). Other frequently used
terms in exercise physiology for lengthening contractions are
resistance or strength training, which increase muscle fiber
cross sectional area, mass and total force a muscle can produce
(Hughes et al. 2018). To put these forces into perspective for
the heart, one can describe that the internal forces generated by
contraction are dominant during systole, while those external
forces coming from the stiffness of the heart outside prevail
during diastole (Davis et al. 2016). To date, there is no

mechanistic explanation for these findings. It seems possible
that different signaling pathways are activated by external
forces other than from internal ones so that inside-out and
outside-in directions may produce different outcomes.
Furthermore, muscle strained in different directions have an-
isotropically configured proteins loosened or deformed per-
mitting altered exchange dynamics, and the opportunity for
local sarcomere assembly. How do local controls become am-
plified or diminished depending on the signaling milieu of the
cell cytoplasm?

How does straining of heart cells enhance the next
contraction, the Frank Starling effect?

A specialized mechanical response to force exerted by the
heart is summarized by the Frank-Starling principle, which
is not seen in skeletal muscle. The Frank-Starling law of the
heart states that increasing diastolic filling volume leads to an
increasing systolic pressure development. In other words,
straining of the heart ventricular walls before contraction mag-
nifies the contractile force of the ventricles during the next
heartbeat. This is a hormone-independent response of the
heart, and it is a distinctive feature of cardiac muscles
(Konhilas et al. 2002a). The Frank-Starling responses are
found at the level of cardiac muscle slices, single
cardiomyocytes and engineered cardiac tissues (Hirt et al.
2014; Narolska et al. 2006; Pitoulis et al. 2021).

To date, the precise mechanism that drives the Frank-
Starling Law of the heart is not known. However, what is
known are the biochemical and physiologic interventions that
modify this length-force response relationship down to the
scale of myofibrils. Readers are encouraged to consult dedi-
cated reviews (de Tombe et al. 2010; Kawai and Jin 2021;
Sequeira and van der Velden 2017). Briefly, some of the key
evidence suggests (i) increased Ca2+ sensitivity of thin fila-
ments when stretching myofibrils (Hibberd and Jewell 1982);
(ii) the increased thin filament sensitivity is not driven by
changes in thin and think filament interspace distance
(Konhilas et al. 2002b); (iii) increased myofibrillar lengthen-
ing increases number of myosin heads in the disordered re-
laxed state available to bind to actin (Farman et al.
2011; Reconditi et al. 2017); (iv) phosphorylation of
proteins like troponin I, myosin light chain, and
myosin-binding protein C alter the length-force relation-
ship (Kampourakis et al. 2016; Kumar et al. 2015); and
(v) the influence of titin strain at varying sarcomere
lengths (Ait-Mou et al. 2016; Cazorla et al. 2001).
This just shows how much progress has been made
but also points to the need to solve this very challeng-
ing and health-relevant mechanism involving the con-
certed response of cytoskeletal proteins to mechanical
feedback.
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What restoring forces return sarcomere to resting
length on relaxation?

One usually finds a statement that contraction occurs when the
intracellular level of calcium rises and relaxation occurs when
it declines. The mechanism for calcium activation of troponin,
discussed above, is well understood, and leads to the develop-
ment of force for contraction. However, the nature of the re-
storing force that returns the sarcomere to its resting length is
still unclear. Mere removal of calcium does not generate a
force in the opposite direction by reversing the myosin motor
with further energy consumption. In whole organs, the restor-
ing force comes partially from the recoil of surrounding con-
nective tissue, but isolated cells return to rest length meaning
that sarcomeric elements are also involved. There are several
good candidates discussed throughout this review where en-
ergy could be stored in the deformed sarcomeric protein struc-
tures to provide the recoil force for lengthening on relaxation.
The myofilament could be subject to a reduction in the lattice
spacing with loading but no evidence to suggest this provides
a restoring force (Konhilas et al. 2002a). Titin does have
spring-like regions situated to assist in sarcomere lengthening
(LeWinter and Granzier 2010). The Z-disk undergoes major
structural change of α-actinin during contraction, mainly in
the transverse direction but some force vector is also longitu-
dinal making this worth considering. Indeed, the number ofα-
actinin molecules is the major determinant of the width of the
Z-disk in fast, slow and cardiac muscles, each performing at a
different strength and speed, but all able to relax (Eisenberg
1983). Understanding the drivers of increased restoring forces
acting during myofibrillar relaxation could be a therapeutic
strategy to treat diastolic heart diseases such as heart failure
with preserved ejection fraction. Many unanswered questions
remain unsolved and much of the merit to study these prob-
lems is to understand human diseases to improve health.

Summary

This review focuses on how load deforms specific structures
in a proportional and orientation-dependent manner in striated
muscle, thereby affecting local, subcellular interactions be-
tween proteins. An equally important mechanism by which
protein behavior is affected occurs throughout the whole cell
is a consequence of signaling pathway activation and the sub-
sequent post-translational modifications. The two processes of
mechanical protein deformation and signals reaching the pro-
tein work together in a complex way so that local subcellular
assembly is controlled as well as overall cell function.
However, more research is needed to understand how exter-
nally triggered signaling pathways are integrated with tension
generated locally within the cell. Nonetheless, maintenance of
tension in the sarcomere is the essential and dominant

mechanism, leading to the well-known phrase in exercise
physiology: “use it or lose it.”
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