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Cardiac Mechanoperception
and Mechanotransduction: Mechanisms
of Stretch Sensing in Cardiomyocytes
and Implications for Cardiomyopathy

Matthias Eden, Lucia Kilian, Derk Frank, and Norbert Frey

1 Introduction

Increased myocardial distension, as a result of acute or chronic hemodynamic
pressure overload, as it occurs in settings of persistent arterial hypertension and
valvular or ischemic heart disease, is one of the most frequent challenges for the
heart [1]. From a hemodynamic point of view, the short-term adaptation to increased
cardiac load as an initial increase in systolic force generation has been described
more than 100 years ago and is still known as “Frank-Starling mechanism” [2].

But since, the ability of cardiac tissue and in particular the cardiomyocyte itself, to
respond and chronically adapt to various loading conditions throughout develop-
ment and disease, crucial to maintain hemodynamic stability and prevent circulatory
congestion or to compensate for increased wall stress, has also been extensively
studied.

In particular, it has been analyzed how cardiomyocytes that are coupled chemi-
cally, electrically, and mechanically sense active contractile forces and passive tissue
stiffness and how this affects signal transduction and gene regulation [2–5]. The
rapid development of new biochemical, genetic, and imaging techniques has allowed
us to gain even more insight in the innumerable and diverse molecular components
and signaling processes that are involved herein. These intracellular and extracellular
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processes mostly include conformational protein alterations as initial events
resulting in altered protein-protein interactions, differential protein expression, post-
translational modifications (i.e., phosphorylation), and changes in subcellular protein
localization, as well as altered ion channel functions and generation of small volatile
molecules like nitric oxide (NO) and reactive oxygen species (ROS) [3, 6–12]. Of
note, the latter are mediators that are involved in almost all mechanotransduction
processes and provide ultra-short-term mechano-electrical feedback and also enable
mechanochemical transmission [6, 13].
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Beyond these structural and signaling-based mechanisms, cardiomyocytes fea-
ture a complex network of calcium entry mechanisms and calcium storages, as well
as a large number of mitochondria, responsible for synthesizing and delivering ATP
molecules ensuring constant and proper sarcomeric contraction [2, 14–16]. Structural
and regulatory components involved in these metabolic mechanisms are closely
aligned near the cardiac sarcomere, forming important microdomains that are also
able to rapidly adapt to increased energy/metabolic and calcium demands under
pressure overload, hypertrophy, and heart failure and thus participate in muscular
mechanoperception [11, 17].

Scientific evidence is constantly growing that there are distinct cellular pathways
that mediate cardiomyocyte mechanotransduction under either pathological or phys-
iological (i.e., exercise) conditions, involving mostly different intracellular signaling
cascades [18]. To add another layer of complexity, these signaling pathways and
involved components are believed to also change upon developmental and aging
processes [4, 5, 19, 20]. In general cardiomyocyte hypertrophy, denoting initially an
adaptive cardiac response to compensate for increased wall stress, results in a
pathological maladaptive condition upon persistent activation, so there have to be
common mechanisms (and potential future therapeutic targets) dividing physiolog-
ical or adaptive cardiac hypertrophy signaling cascades from those driving intracel-
lular and extracellular processes leading to increased cardiac morbidity and mortality
[1, 5]. To precisely dissect these highly variable and complex mechanoperception
and mechanotransmission mechanisms, signaling cascades will help to design future
gene therapy-based or pharmacological strategies to improve patient outcomes.

2 The Z-Disc and Mechanotransduction

Multiple studies have identified the cardiac sarcomere with its complex assembly of
myofilament proteins as a key structure for mechanotransduction [9, 21, 22]. In
particular, the cardiac Z-disc as the lateral boundary within each sarcomere not only
consists of multiple layers of α-actinin aligned in antiparallel organization [17] but
also forms a complex protein network for sensing sarcomeric strain. The view of the
cardiac Z-disc as a mere structural sarcomeric component has extensively changed
over the years and is now believed to be the most important signaling nodal point for
strain-related downstream signal transduction [23]. Beyond carrying myofilaments,
the sarcomere connects to cardiac sarcolemma by cytoskeletal protein complexes



that link in particular the Z-disc to the integrin and dystroglycan complexes at
costameres. Indirectly, this interface can connect the Z-disc to components of the
cardiac extracellular matrix (ECM) through components containing transmembrane
domains [5, 8, 17, 24]. Among others, the intermediate filament desmin has also
been shown to connect the Z-disc to the cardiomyocyte nucleus [25, 26], while other
proteins like mink (minimal potassium channel subunit) or telethonin/TCAP are
believed to tether cardiac t-tubules to the sarcomeric Z-disc [27, 28]. Taken together,
this places the sarcomeric Z-disc within the center of multiple cardiomyocyte
signaling microdomains.
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Titin, muscle LIM protein (MLP), calsarcin 1, and filamin C are likely critical
players in force transmission and sensing within the sarcomeric Z-disc [23]. But a
constantly increasing number of Z-disc proteins (TCAP, LMCD1, ALP, ABLIM,
Cypher/ZASP/Oracle, PICOT, FHL1/2, CEFIP, muscle-specific ankyrin repeat pro-
tein (MARP), nexilin, myopalladin, myotilin) have been recently discovered and
shown to participate in complex signaling networks implicated in
mechanotransduction, hypertrophy signaling, and cardiomyocyte contractile (dys)-
function as discussed below [5, 22, 23, 28].

2.1 Strain Sensing and Mechanotransduction
at the Sarcomeric Z-Disc/I-Band

Titin is a giant protein that pervades the sarcomere from the sarcomeric Z-disc to the
center of the sarcomere at the M-band [29, 30]. Titin contains multiple distinct
protein domains that have been shown to serve as anchoring hubs for a variety of
additional proteins that are all involved in myocardial stretch responses during
cardiac hypertrophy and failure [29–31]. The overall cellular location along the
sarcomeric filaments, as well as the unique structural properties of each titin mole-
cule itself, makes titin an ideal candidate for sensing systolic or diastolic biome-
chanical forces acting on the sarcomere and those being generated by the sarcomere
itself during active contraction [29, 32]. A large variety of functional roles for titin
have been revealed, including the control of correct sarcomere assembly, sarcomere
length and stability, the generation of stretch-adapted passive sarcomeric stiffness,
and as signal transducer in response to pressure overload [16, 29–31, 33–36]. I-band
titin contains unique domains and interdomain linkers that are believed to follow a
“stepwise extension” model. Initially, upon moderate strain application, at the
sarcomeric I-band, N2BA titin is elongated by straightening their Ig interdomain
linkers [29, 37]. When this capacity is worn out upon further increase of strain
forces, the PEVK-domain and finally the N-Bus domain further extend and unfold to
expose phosphorylation and binding sites [30, 31, 34]. Taken together, titin and its
unique structural and regulatory features are thus believed to represent the potential
molecular fundament for the aforementioned Frank-Starling mechanism.
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2.2 The Z-Disc/I-Band Titin/MLP/TCAP Complex: Stretch
Sensing Within Sarcomeric Borders

The muscle LIM domain protein (MLP) is specifically expressed in all striated
muscle cells and has been implicated in a broad range of different cellular functions
[5, 21, 28]. It contains two LIM domains and thereby interacts with multiple pro-
teins, including α-actinin, titin, and TCAP at the Z-disc and other subcellular
compartments including intercalated discs and even the nucleus [21]. Of note,
MLP protein was also found at sarcomeric I-bands. At Z-discs, MLP-associated
TCAP is hereby able to weave two titin filaments at the Z-disc [5]. This protein
complex has been shown to be exceptionally resistant to biomechanical forces, due
to multiple hydrogen bonds between TCAP and titin [5, 30]. Moreover MLP is
believed to shuttle into the nucleus to promote nuclear signaling in muscle cells
(possibly via GATA4 and SRF) [21]. MLP knockout mice display a severe dilated
cardiomyopathy phenotype resulting in heart failure and premature death, whereas
in vitro, MLP deficiency resulted in abrogation of hypertrophic signaling upon
neurohumoral or strain-related activation [21, 23, 28]. The W4R-MLP polymor-
phism, found in human DCM, results in an altered MLP structure, incapable to
interact with TCAP [38]. Knock-in mice with homozygous expression of the
W4R-MLP show spontaneous cardiac hypertrophy without pressure overload pos-
sibly via alteration of elastic intrinsic properties of Z-disc titin and/or shuttling of
mutant MLP to the nucleus [28, 38]. Yet, cardiac-specific overexpression of MLP
does not protect against increased biomechanical stress due to pressure overload
[39]. In addition to the aforementioned MLP functions, it is believed to recruit the
phosphatase calcineurin to the Z-disc, a major signaling enzyme linked to patholog-
ical cardiac hypertrophy as discussed below [21] (Fig. 1).

Myopodin, also known as Synaptopodin2, was initially described as actin-
bundling protein enriched in the heart and skeletal muscle and is believed to be
responsive to cellular stress induced by heating of myoblasts to 43 °C [40]. The fact
that myopodin is also part of a Z-disc signaling complex containing alpha-actinin,
calcineurin, Ca2+/calmodulin-dependent kinase II (CaMKII), muscle-specific
A-kinase anchoring protein, and myomegalin suggests an important function in
Z-disc’s associated signaling [41]. This is further supported by the finding that
protein kinase A (PKA) or CaMKII-dependent myopodin phosphorylation mediates
its binding to the chaperone 14-3-3 and subsequent nuclear import, whereas dephos-
phorylation of myopodin by calcineurin counteracts this process. Another relation of
myopodin function to cellular tension was reported in mammalian A7r5 cells, where
tension-induced unfolding of filamin disrupted a complex of myopodin, BAG3, and
filamin which led to autophagosome formation and subsequent filamin
degradation [42].
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Fig. 1 Signaling molecules embedded in the sarcomeric Z-disc in context to the nuclear and
cellular lamina. Schematic illustration of typical multiprotein complexes involved in cardiomyocyte
mechanotransduction. At the sacromeric Z-disc, the calcineurin-NFAT pathway tethered via
calsarcin 1 onto the sarcomere is shown. NFAT as well as sarcomeric MLP is believed to shuttle
between the Z-disc and the nucleus. At the sarcomeric I-band, a titin-associated complex involving
FHL1 and 1 and MAP-Kinases Erk1/2 is displayed. ERK1/2 is also believed to shuttle in the
nucleus to promote hypertrophic gene expression via transcription factors like GATA4. GPCR G-
protein-coupled receptor, At1R angiotensin II type 1 receptor, SR sarcoplasmic reticulum, LINC
linker of nucleoskeleton and cytoskeleton
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2.3 Calcineurin as Major Player in Cardiac Stress Signaling

The calcium/calmodulin-dependent phosphatase calcineurin (CaN) and its down-
stream targets, transcription factors of the nuclear factor of activated T cells (NFAT)
family, play essential roles in cardiomyocyte signaling [10]. Calcineurin typically
forms a heterodimer expressed as three different isoforms, namely, αCaN, βCaN,
and γCaN, while the structure of each isoform shows similar features, containing a
catalytic A chain (CnA) and calcium-binding regulatory B domain (CnB1) [43]. A
direct link of calcineurin activity to mechanotransduction has initially been demon-
strated by the fact that in vivo, transgenic overexpression of constitutively active
calcineurin in mouse hearts leads to massive ventricular hypertrophy and subsequent
heart failure [44]. In contrast, mice lacking βCaN show impaired ability to induce
cardiac hypertrophy upon pressure overload [45]. Calcineurin is activated in
response to increases in local calcium concentrations as stepwise process with an
inactive, partially active, and fully activated state [43]. At basal cardiomyocyte
calcium concentrations, calcineurin remains in its inactive state, in which the
regulatory domain is folded onto the B chain binding helix, leaving CnB1 unbound.
The partially active state occurs when loose calcium ions bind to CnB1 upon
increasing concentrations, resulting in interaction of the N-terminal lobe of CnB1
to the B chain binding helix of CaN. The fully active state occurs when also
calmodulin (a calcium-sensing protein) associates to the holoenzyme, causing
calcineurin’s regulatory domain to correctly fold, thereby removing its
autoinhibitory domain from the catalytic site [43]. To ensure tightly controlled
calcineurin activity, many factors are likely involved, including the rate of rise and
fall of calcium concentrations, association with calmodulin, and regional differences
in availability of these factors in certain microdomains [46–52]. Within this global
model, cardiomyocyte calcium entry is linked to dephosphorylation, whereas in
contrast, calcium signaling is also coupled to phosphorylation through various
calmodulin-modulated kinases (CAMKs) [10]. In this interplay, these processes
offer a distinct coordination between calcium-induced calcium release and excitation
contraction coupling and phosphorylation/dephosphorylation processes affecting
signaling and gene regulation. While calcineurin is primarily located in the cytosol,
various protein binding partners, like MLP, calsarcins, and A-kinase anchoring
proteins, are believed to tether calcineurin to different subcellular signaling
microdomains, like the t-tubule-Z-disc interface as well as the nuclear envelope.
This localization in close proximity to voltage-activated L-type calcium channels
(LTCC) and transient receptor potential canonical (TRPC) channels at t-tubule
membranes and ryanodine receptors (RyR2) in the sarcoplasmic reticulum
(SR) place calcineurin in an ideal location for sensing calcium fluxes upon short-
term increases in local intracellular concentration [43–49]. The most studied sub-
strates of calcineurin are the family of nuclear factors of activated T cells (NFATs).
Desphosphorylation of these transcription factors by calcineurin in the cytosol
results in exposure of a nuclear localization signal, resulting in NFAT translocation
to the nucleus, thereby activating prohypertrophic gene expression programs
[10, 43]. Interestingly, NFATs function as heterodimers in cooperation with other



prohypertrophic transcription factors like MEF2 and GATA4, which can also be
directly activated by calcineurin-mediated dephosphorylation [10]. Because of its
crucial functions in maintaining cardiac homeostasis, calcineurin activity is tightly
regulated by multiple endogenous mechanisms. The calcineurin inhibitor CABIN-1/
CAIN interacts with calcineurin as well as acting directly as a co-repressor of the
SRF-associated transcription factor MEF2. Since CABIN-1 is a large, multidomain
protein, it is assumed to function as a calcineurin scaffold, facilitating interactions
with other regulatory proteins [10]. Carabin is another endogenous calcineurin
inhibiting protein showing reduced abundance in models of pressure overload and
in human heart failure. Knockout of carabin in vivo results in exaggerated pressure
overload-associated cardiac hypertrophy and heart failure, whereas cardiomyocyte-
specific overexpression of carabin has shown to be protective [10]. The family of
regulators of calcineurin (Rcan1, 2, and 3) consists of small proteins that can
potently inhibit calcineurin activity through a unique C-terminal calcineurin binding
domain. Of note, the expression of the cardiac Rcan1.4 isoform is regulated under
almost exclusive calcineurin/NFAT transcriptional control and thus provides a direct
feedback loop for calcineurin activity [10]. Other negative regulators of calcineurin
activity at the sarcomeric Z-disc include calsarcin 1 and the protein PICOT (protein
kinase C-interacting cousin of thioredoxin) [48, 53]. PICOT directly interacts and
colocalizes with MLP at the Z-disc and thereby disturbs the MLP-calcineurin
interaction, resulting in a concentration-dependent displacement of calcineurin
from the Z-disc [5, 10, 23]. The calsarcin family of proteins includes three known
members, all localizing specifically to the Z-disc. In this regard, calsarcin-1,
representing the only isoform expressed in the adult heart, has been shown to be a
negative regulator of calcineurin activity [5, 10, 23, 47].
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2.4 N2B Titin Controlled Mechanosensing Hubs

An I-band localized subdomain of N2B (N2Bus) titin can act as a molecular spring
element, able to unravel upon heavily increased sarcomeric strain and subsequent
diastolic distension, thereby functioning as a diastolic length sensor (see above)
[32, 36, 37]. At the N2Bus, titin interacts with 4½-LIM domain proteins, FHL1 and
FHL2, that are believed to form a unique multiprotein complex with the kinases
MAPK/ERK1/2, directly linking mechanical strain to hypertrophic signaling and
growth. Load-dependent unfolding of the N2Bus spring-like subdomain releases
activated MAPK/ERK2 and enables their active shuttling to the nucleus to promote
hypertrophy-associated gene expression [5, 23, 34]. FHL2, which is known to show
additional interactions in cardiac muscle, also connects the N2B-domain to integrins,
thereby connecting titin to the integrin-associated mechanotransduction pathway at
costameres. FHL protein-associated signalosomes gained more attention, since
recently a previously uncharacterized protein named cardiac-enriched FHL2-
interacting protein (CEFIP) was discovered. CEFIP is upregulated in



cardiomyopathy and shows a heart- and skeletal muscle-specific expression profile.
CEFIP also localizes to sarcomeric Z-discs where it interacts with FHL2, thereby
enhancing calcineurin activity [46]. Beyond FHL2 regulatory processes, titin N2Bus
can be phosphorylated by multiple cardiac kinases, including ERK1/2, PKA, and
CamKII, possibly in order to provide local adaptation of this regulatory pathway by
reducing titin/sarcomeric passive tension [5, 23, 34].

8 M. Eden et al.

The muscle-specific intermediate filament component desmin not only connects
nuclei and mitochondria but also intercalated discs to the Z-disc [54]. Mutations in
desmin cause a variety of cardiac diseases like dilated cardiomyopathy,
arrhythmogenic right ventricular cardiomyopathy (ARVC), and familial restrictive
cardiomyopathy (often sharing the common feature of variable associated conduc-
tion system defects) as well as skeletal myopathies [54–56]. Due to its assumed
unique elasticity, desmin is believed to sense cellular and protein complex deforma-
tions, which may trigger certain conformational changes in response to strain-related
mechanical alterations, resulting in diverse signaling events as well as structural
alterations (further discussed below) [5, 9, 23, 57].

The Z-disc protein filamin C (FLNC) is also recognized as a potential molecular
strain sensor in cardiomyocytes. Moreover, filamin C can act as a structural
crosslinker of actin rods at the sarcomeric Z-disc [22]. For all three filamins
(filamin A, B, and C), a subcellular localization at either the sarcomeric Z-disc, the
intercalated discs, cell membranes, and myotendinous junctions has been described.
It is speculated that due to its unique structural characteristics, in particular filamin A
and filamin C can also serve as a molecular interface for mechanotransduction
[22]. As it has been assumed for other proteins, filamin molecules are able to
straighten upon tension, thus changing affinities for protein-protein interactions
and subsequent signaling [22]. This seems of special interest, since at Z-discs,
filamin C interacts with various proteins implicated in mechanotransduction like
calsarcins, myotilin, myopodin, and others [23], and binds to sarcolemma via
integrin-1β and sarcoglycan-delta. Mutations in the filamin C gene have also been
linked to a variety of cardiac diseases like dilated cardiomyopathy, arrhythmogenic
right-ventricular cardiomyopathy (ARVC), familial restrictive cardiomyopathy, and
hypertrophic cardiomyopathy (sharing some important features of desmin-related
diseases like increased rates of associated cardiac conduction defects) [22].

3 Sensing of Mechanical Strain and Signal Transduction
at the Center of the Sarcomere, the M-Band

Beyond its function as a structural anchor for thick and thin filaments within the
center of the sarcomere, the M-band is a precisely organized nodal point in signaling
and has been recognized as biomechanical strain sensor and regulator of sarcomeric
force imbalances during active muscle contraction [58]. Additionally, it is involved
in transfer of these biomechanical signals into altered signal transduction and has its



role in hypertrophic signaling, cardiac protein turnover, and cardiomyocyte calcium
handling. Like the Z-disc, the sarcomeric M-band is composed of a multiprotein
structural and signaling hub with numerous interactions and associated pathways
[29–31, 33, 34].
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From a structural point of view, it has been largely accepted that regular M-band
assembly is needed for proper packaging of the thick filaments with appropriate
distances and overlap to the thin filaments at the onset of sarcomeric contraction
(termed “M-bridges”) [58]. In this context, the M-band domain of titin plays a
pivotal role besides the proteins myomesin 1 and myomesin 2 that have been
shown to directly interact with M-band titin and also function as “M-bridges.”
Myomesins are organized into antiparallel dimers to the central zone of myosins
and to the C-terminal region of titin and thereby crosslink thick filaments [58].

As outlined above, due to its elastic I-band domains and its unique filament-like
structure, titin is an ideal stretch sensing molecule and adaptable molecular spring
that can integrate various biophysical signals about acute and chronically altered
myofilament tension [30, 34]. The M-band domain of titin shows multiple interac-
tion hubs linking the M-band to the protein turnover machinery (via Nbr1/p62/
Murf2) [59]. Hence, upon inactivation in the skeletal muscle, titin kinase (TK)-
mediated conformational change results in disruption of the Nbr1/p62/Murf2 com-
plex and subsequent inhibition of SRF signaling [58]. Single-molecule analysis
experiments by atomic force spectroscopy revealed that exposure of recombinant
TK domain to stretch forces causes a conformational change required for ATP
binding and access of the autoinhibitory tyrosine, which fully activates the kinase
by removal of the carboxy-terminal autoinhibitory tail by yet unknown protein
cofactors [29, 58].

Beyond that, M-band titin interacts with myospryn, which is known to also bind
the cardiac phosphatase calcineurin, thereby indicating an SRF-independent
sarcomeric hub at the M-band for prohypertrophic or anti-hypertrophic signaling
[49]. Analyses in titin knockout mouse models revealed that specific depletion of
M-band titin leads to atrophy and preserved cardiac function, whereas depletion of
full-length titin leads to dilated cardiomyopathy and heart failure, while both phe-
notypes are associated with premature cardiac death before day 40 [35]. In line with
these results, a mouse model with a conditional depletion of the M-band-associated
titin kinase region developed dilated cardiomyopathy with altered sarcomeric archi-
tecture and dissociation of MURF1 [60]. A mouse model mimicking the human
DCM related c.43628insAT mutation, as well as a mouse model expressing the
A178D missense variant, develops a dilated cardiomyopathy phenotype that can be
aggravated under neurohumoral stimulation via prohypertrophic factors [61].

But beyond titin’s functions, the overall M-band composition varies upon differ-
ent developmental stages and under pathological conditions. Differential expression
levels of mature myomesin and an alternatively spliced embryonic (“EH”-)
myomesin isoform are thought to contribute to specific functional and structural
features at different cardiac developmental stages. Alterations of M-band assembly
with re-expression of EH-myomesins and “fuzzy”—less stiff—sarcomeres are
believed to accompany and contribute to the progression of cardiomyopathy



[58]. A similar phenomenon was described for titin itself that exists in two main
co-expressed isoforms in the mammalian heart, which are differentially expressed in
the developed and diseased heart (“titin switch” with exchange to N2BA (more
compliant) from N2B (stiffer) or vice versa) [8, 16, 30]. Another novel component of
the sarcomeric M-band is the leucine-rich repeat containing protein myomasp/
LRRC39, which binds to the rod domain of MYH7 at the M-band, and that is
downregulated upon pressure overload. Loss of myomasp in vivo results in M-band
alterations and reduced contractility associated with impaired SRF signaling,
supporting the notion that it is required for M-band integrity and associated stretch
signaling [62].
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4 Stretch Sensing Between Cardiomyocytes
and the Extracellular Matrix via the Intercalated Discs
and Costameres

The cardiac cytoskeleton can be broadly subdivided into intermediate filaments,
microtubules, myofibrils (with the sarcomere as main contractile unit), and the
intercalated discs that all are connected via multiple mechanisms involving
multiprotein complexes [5, 8, 13, 17]. Myofibrils are also attached to the plasma
membrane at adherens junctions (zonula, fascia, punctum adherens) as zonal subtype
of intercalated discs (ID), whereas in turn the sarcomeric Z-disc is anchored to the
plasma membrane at the costameres [63]. Additional specialized subtypes of cell-
cell contacts at the ID are desmosomes and gap junctions as well as adherens
junctions, all of which have been proposed to form a specific joint structure in the
heart termed “area composita” [64, 65]. All these highly specified substructures are
involved in cell-cell adhesion, cell connection to the extracellular matrix, bidirec-
tional force transmission, and electrical coupling of cardiac muscle cells [13, 63,
66]. Importantly, the extracellular matrix is not only regarded as an environmental
milieu but also organizes, connects to, and communicates with neighboring
cardiomyocytes and fibroblasts, while absorbing and transmitting biomechanical
forces through interaction with cytoskeletal networks [66, 67]. Their main compo-
nents are laminin proteins and various collagen subtypes with different levels of
molecular stiffness (collagen I stiffer than III) [68]. The main connection of the ECM
to the cytoskeleton is achieved by transmembrane receptors from the integrin family
that link the ECM with extracellular domains and also connect to macromolecular
complexes containing kindling/paxilin, talin, vinculin, focal adhesion kinase,
desmin, and VASP (vasodilator-stimulated phosphoprotein) with cytosolic domains
[8]. Integrin signaling complexes hereby transduce mechanical forces outside-in and
inside-out, a process that is tightly regulated by multiple signaling mechanisms
[63, 67]. Beta1D integrin was found to be expressed at intercalated discs as well
as costameres and binds to alpha 7B integrin, which forms a heterodimeric complex
that can phosphorylate focal adhesion kinase (FAK) at Tyr 397. This signaling



complex also includes scr/PI3K/Grb2, and has also been associated with mitogen-
activated kinase (MAP-Kinase) signaling (e.g., MEK1/2 and ERK1/2-), directly
linking ID-based mechanotransduction to hypertrophic signaling and cardiomyocyte
growth [69–72]. In addition, the protein melusin has also been shown to interact with
FAK at costameres to promote strain-related hypertrophic signaling. Melusin knock-
out mice fail to execute a hypertrophic response upon pressure overload and directly
undergo cardiac failure, emphasizing melusin’s role as additional strain sensor
[63, 67, 73, 74].
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4.1 The Extracellular Matrix: More Than Just Collagens

As it has already been outlined, the ECM is not only a static environmental milieu
interacting with cytoskeletal networks. Acute and chronic tissue biomechanical
strain in the myocardium is associated with profound and dynamic changes in the
composition of the ECM [75, 76]. Under basal conditions, quiescent cardiac fibro-
blasts are responsible for constant renewal of ECM proteins, but upon biomechanical
stress, fibroblasts are able to proliferate and convert into myofibroblasts, contractile
and matrix remodeling cells. This is one of the earliest effects upon cardiac pressure
overload, thus leading to deposition of additional collagenous matrix and expansion
of the interstitium. Together with ECM crosslinking, matrix deposition results in a
profound increase in overall myocardial stiffness [75].

Within the extracellular matrix, cardiac pressure overload is associated with a
local induction and activation of various collagenases (MMP-1, MMP-8, MMP-13),
gelatinases (MMP-2, MMP-9), stromelysins/matrilysins, and also membrane-type
MMPs. Within this context MMP induction may be mediated through activation of
proinflammatory signaling pathways like TNF-α and IL-1β. Members of the MMPs
family have been implicated in TGF-β activation and may cleave transmembrane
receptors, such as integrins or syndecans in order to modify proinflammatory or
fibrogenic cascades. MMPs may also act as intracellular and intercellular mediators,
promoting degradation of contractile proteins in cardiomyocytes or modulating
signal transduction responses in interstitial cells. In contrast to MMP activation,
rather decreasing myocardial stiffness, matrix-preserving mediators like members of
tissue inhibitors of metalloproteinases (TIMPs) control the deposition of structural
ECM proteins, thus increasing myocardial stiffness as a counter regulatory process.
Imbalances between those two regulatory systems might accompany the transition of
compensated cardiac hypertrophy to decompensated heart failure during long-term
cardiac remodeling [75–77].

Stress-induced fibroblast activation in the pressure-overloaded myocardium may
also be indirect, involving paracrine factors and interaction via cardiomyocytes and
various immune cells involving the release of fibrogenic growth factors. The most
prominent cascade is activation of the renin-angiotensin-aldosterone system (RAAS)
triggering broad inflammatory signaling and leading to downstream stimulation of
TGF-β and other associated pathways [75, 78].
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Besides those characterized local and systemic pathways, matricellular proteins
play a pivotal role in the paracrine regulation of the pressure overload-associated
stress response. Members of the matricellular protein family thereby serve as
dynamic integrators of microenvironmental changes between ECM and any other
myocardial cell type. Fibronectin deposition is believed to be crucially involved in
myofibroblast transdifferentiation and has been implicated as an important mediator
in subsequent cardiomyocyte hypertrophy. Increased myocardial load or strain
triggers marked upregulation of various splice variants of fibronectin which has in
turn been linked to TGF-β pathways promoting fibroblast to myofibroblast
conversion [75].

Further members of the matricellular family are tenascin-C; tenascin-X; SPARC;
thrombospondin-1 (TSP-1), TSP-2, and TSP-4; osteopontin; periostin; and the
members of the CCN family. All protein members of this family share the common
function that they are able to modulate fibroblast proliferation, survival, and activa-
tion and in myofibroblast conversion that they control certain subpopulations of
resident and infiltrating immune cells, directly interfere with cardiomyocytes to
control cell survival and apoptosis, and are involved in ECM crosslinking processes
[75]. This inducible paracrine repertoire offers a tissue wide adaptive control
connecting various cell types and the ECM, and also offers systemic regulatory
functions. Whereas tenascin-C can act as modulator of macrophage phenotypes in
pressure-overloaded hearts, osteopontin is present at very low levels under basal
conditions but becomes rapidly induced upon pressure overload and may act by
stimulating a fibrogenic program in cardiac fibroblasts. Beyond that, ECM fragments
(so-called matrikines) generated through protease activation are able to induce
proinflammatory cascades or activate pro-apoptotic pathways in cardiomyocytes
upon pressure overload [76, 78, 79].

But not only structural and paracrine factors are involved in ECM-based
mechanotransduction and mechanoperception. The Hippo pathway-associated tran-
scriptional complex YAP/TAZ is believed to be involved in ECM-based
mechanosensing since it plays a crucial role in adult cardiac fibroblast migration,
proliferation, and differentiation. In adult murine heart’s post myocardial infarction,
cells with nuclear YAP/TAZ localize at the infarct border zone, suggesting a prompt
response of resident stromal cells to ischemia or increased biomechanical load.

4.2 Stretch Transmission at Costameric
Integrin-Talin-Vinculin Clutches

The integrin interacting protein talin also seems to be of special interest as potential
local molecular stretch sensor, since it can undergo conformational extension upon
increased strain, unfolding a binding site for vinculin and thereby easing subsequent
actin binding [70, 80, 81]. Talin has been mainly found at costamers but is also
highly associated with intercalated discs. This integrin-talin-vinculin-actin-ECM-
cell adhesion complex hereby re-forms within seconds, representing a dynamic



transmission-like interface with constant engagement and disengagement reinforced
by cyclic vinculin binding [80, 81]. Comparable to other mechanotransduction initial
events, stepwise unfolding of talin domains represents a key feature, enabling
stabilized vinculin actin adhesions under conditions of increased tissue tension
[81, 82]. Beyond that, binding of talin to integrin per se activates integrin signaling
through open conformation stabilization [69]. Of note, talin exists in two isoforms
(talin 1 and 2), of which talin 2 represents the most prominent isoform in adult hearts.
Upon pressure overload and in human cardiomyopathy, a re-expression of fetal-like
talin 1 occurs, which is considered as rather maladaptive response [81]. Beyond that,
talins also connect costameres to the sarcomeric Z-disc via interaction with gamma-
actin and alpha-actinin [81, 82]. The intermediate filament protein desmin has also
been shown to connect costameres to sarcomeric Z-discs and serves as strain-sensing
molecule (as discussed above) and additional shock absorber in force
transduction [54].

Cardiac Mechanoperception and Mechanotransduction: Mechanisms of. . . 13

4.3 Stretch Signaling at Costameric Dystrophin Glycoprotein
Complexes

Besides integrin-talin signaling and desmin, the cardiomyocyte dystrophin glyco-
protein complex (DGC) is another important signaling hub for costameric
mechanotransduction, also regarded as a “shock absorber” [24]. Known members
of the core DGC complex are dystrophin, dystroglycan, and sarcoglycan-sarcospan
subcomplexes as well as dystrobrevin and syntrophin [83]. DGC also associates with
ILK/PINCH/Parvin and MLP [67]. Besides its role in absorption mechanical forces,
it has been assumed that DGC protects costameres from fragmentation during strong
contraction events as they can occur in skeletal but also cardiac muscle cells
[67, 84]. DGC-associated hypertrophic signaling mainly involves MAPK and
Rac1 [51]; additional signaling molecules include nitric oxide as highly volatile
second messengers (see below) [67]. Dystrophinopathies are a group of specific
clinical entities due to mutations in the dystrophin gene and include the Duchenne
muscular dystrophy (DMD), Becker muscular dystrophy (BMD), and X-linked
dilated cardiomyopathy (XLDCM) [85]. In all three subforms, the heart muscle
can be affected to various degrees, depending on the precise genotype and the stage
of the disease. Mutations in the dystrophin gene thereby result in altered protein
structures, possibly affecting the function of the overall cardiac DCG, ultimately
leading to regional replacement of myocardium by fibrotic tissue or fat [86, 87]. Dur-
ing cardiac progression of dystrophinopathies, left ventricular dysfunction and
ventricular arrhythmias due to increased fibrosis can occur, ultimately leading to
heart failure and sudden cardiac death in final stages [88]. Of note, in particular
XLDCM represents a rapidly progressive myocardial disorder, starting in young
male variant carriers as dilated cardiomyopathy, leading to death from refractory
heart failure within 1–2 years after diagnosis [86]. Of further note, gene therapy for



DMD has recently been successfully applied in large animals, paving the way for
future treatment of patients affected with this severe disorder [89] (Fig. 2).
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5 Force Sensing and Transmission at Cell-Cell Contacts
in the Heart

Intercalated discs (ID) are also believed to be involved in cardiac
mechanotransduction through conformational changes in associated proteins and
in the sensing of stiffness of the ECM by various mechanisms [63]. While
costameric stretch sensing mainly involves talin proteins, ID strain sensing is highly
linked to the cadherin family of proteins on a molecular level [63, 90]. Cadherins
bind through their cytoplasmic domain to β-catenin which in turn tethers cadherin to
the actin cytoskeleton via α-catenin. Like in single talin molecules, catenins can
undergo conformational straightening upon increased biomechanical load, exposing
a vinculin binding domain and thereby facilitating vinculin binding [63]. Recruit-
ment of vinculin and metavinculin to intercalated discs is believed to rather stiffen
the whole ID complex, whereas loss of vinculin or metavinculin, as well as missense
mutations in vinculin, have been linked to development and progression of dilated
cardiomyopathy [63, 91]. Phosphorylation of vinculin protein at residue Tyr
822 occurs upon stretch and is recognized as another fine-tuning principle in
ID-based vinculin signaling [63]. At intercalated discs, the protein N-RAP
(nebulin-related-anchoring protein) is able to form another N-cadherin/integrin
signaling complex by its interaction with talin, vinculin, MLP, and alpha-actinin
and also crosslinks cadherin and integrin signaling. N-RAP is upregulated in MLP
knockout mice and dilated cardiomyopathy [63, 92], while transgenic N-RAP
overexpression in mice results in right ventricular cardiomyopathy [63], emphasiz-
ing its role in proper heart muscle function.

5.1 Stretch Signaling at Cardiac Desmosomes

The desmosome, another specific cell-cell contact structure, represents a
multiprotein complex composed of transmembrane cadherin family members
desmoglein (DSG2, which has been proposed to sense mechanical forces) or
desmocollin, whose extracellular domain interacts with opposite facing cadherin
molecules at neighboring cardiomyocytes [13, 93]. Their corresponding intracellular
domain thereby interacts with intermediate filaments via the desmosomal proteins
plakoglobin, plakophilin and desmoplakin [63]. As outlined, desmoglein is believed
to be directly involved in desmosomal strain sensing, since targeted deletion of
the extracellular domain of desmoglein in mice leads to a biventricular form of
ARVC including biventricular dilatation and dysfunction as well as sudden cardiac
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death. At the ultrastructural level, mouse hearts showed profound enlargement of
desmosomal intercellular gaps with destroyed desmosomal structure, which seemed
to coincide with visible heart lesions at the macroscopical level. Moreover, multiple
desmosomal proteins and associated cellular pathways are involved in the patho-
genesis and architectural features of arrhythmogenic right ventricular cardiomyop-
athies and the risk of sudden cardiac death. Whether altered mechanoperception or
mainly altered desmosomal architecture or conduction abnormalities and impair-
ment of cell-cell connections are key features is still under constant scientific debate.
To date adipogenic/fibrogenic gene expression and resulting ultrastructural changes
are regarded as the main hallmark of ARVC.

16 M. Eden et al.

6 Sarcolemmal Strain Sensing and Mechanoelectrical
Feedback via Mechanosensitive Ion Channels

Besides elements of the cardiac contractile apparatus and the cell junction system,
the sarcolemma, representing a global interface to neighboring cells and the extra-
cellular matrix (ECM), and its embedded ion channel network seem to be an ideal
subcellular structure for force sensing, conformational alterations, and downstream
regulation of ion fluxes according to differential stages of membrane strain or
increased cellular volumes [12, 15, 94]. The idea of mechanosensitive ion channels
(MCS) has been largely analyzed in non-cardiomyocytes, but moreover, even every
specific channel that is also expressed in cardiomyocytes has clearly proven its
functional relevance in cardiovascular health and disease so far [12, 94]. In general,
mechanosensitive ion channel signaling in muscle can be categorized into stretch-
activated (SAC) and volume-activated (VAC) ion channel mechanisms [12, 15,
94]. But despite a potential lack of mechanistic understanding, since the clinical
observation that a strong precordial fist thump, as well as mechanical thoracic
compression, is eventually able to alter or restore cardiac electrical activity, the
idea of a direct mechanoelectrical feedback without the need of ligands or second
messengers has emerged [12] (Table 1).

Mechanistically, besides strain-dependent conformational changes, leading to
enhanced open probabilities and increasing ion fluxes, additional modifications

Table 1 List of known
mechanosensitive cardiac ion
channels, encoding genes, and
conducted ions

Channel Encoding gene Conducted ion

Polycystin 1 PKD1 Calcium, potassium

Polycystin 2 PKD2 Calcium, potassium

TRPC1 TRPC1 Calcium, potassium

TRPC3 TRPC3 Calcium, potassium

TRPC6 TRPC6 Calcium, potassium

TREK-1/TRAAK KCNK2/4 Potassium

Piezo1 PIEZO1 Cations nonselective

Piezo2 PIEZO2 Cations nonselective



like phosphoinosite binding, phosphorylation, or altered protein-protein interactions
have been described [94]. In terms of phosphoinosite-dependent sarcolemmal stretch
signaling, the phosphatidylinositol 3-kinase (PI3K) pathway plays a pivotal role in
cardiomyocytes [95]. In response to increased cardiomyocyte mechanical strain, the
phosphoinosite-converting enzyme PI3K translocates to the plasma membrane to
locally convert phosphatidylinositol (4,5)-bisphosphate (PIP2) into
phosphatidylinositol (3,4,5)-trisphosphate (PIP3) [95]. In turn, PIP3 activates the
phosphoinositide-dependent protein kinase-1 (PDK1) through its pleckstrin- homol-
ogy (PH-) domain, and PDK1 subsequently phosphorylates and activates the serine/
threonine-specific protein kinase Akt at threonine residue 308, which is further
stabilized by additional phosphorylation of serine 473 by mammalian target or
rapamycin (mTOR). Akt activation results in a variety of prohypertrophic and
prosurvival signals, and is also believed to directly regulate the strain-dependent
titin isoform switch [95]. PIP3 accumulation also subsequently recruits gelsolin to
the plasma membrane, thereby negatively regulating its activity and pathological
actin remodeling [95]. Finally, it has been recently shown that the protein kinase Akt
together with the strain-sensitive channel polycystin-1 can stabilize sarcolemmal
LTCC levels by phosphorylation-dependent prevention of proteosomal degradation
[96]. This finding represents another important principle, directly and indirectly
linking cardiomyocyte sarcolemmal stretch sensing to calcium-induced calcium
release and excitation-contraction coupling.
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6.1 Mechanosensitive Transient Receptor Potential Channels
(Polycystins) in the Heart

Various transient receptor potential channels (TRPs), though initially and sometimes
extensively studied in non-cardiac cells, are expressed in cardiomyocytes and are
believed to play a pivotal role in mechanoelectrical feedback processes [94]. The
subfamily of transient receptor potential polycystins (TRPPs), polycystin 1 and
2 (encoded by PKD1 and PKD2 genes), are involved in sensing mechanical forces
and fluid shear stress, triggering multiple intracellular signaling pathways
[97, 98]. The notion that cardiac specific polycystin-1 knockout mice develop
spontaneous cardiomyopathy supports the concept that they are required to maintain
normal cardiac function [99, 100]. Moreover, polycystin-1-/- mice displayed
shorter action potential and shortening of QT intervals in surface ECGs, a phenotype
that has also been linked to loss of function mutations in the LTCC coding
CACNA1C gene or other mouse models of compromised LTCC function-associated
cardiomyopathies [101]. TRPP2/polycystin-2 is expressed in cardiomyocyte
endoplasmatic reticulum and has also been linked to sarcoplasmatic ryanodine
receptor 2 (RYR2) function [97, 98].
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6.2 Other Mechanosensitive Calcium Channels in the Heart

Besides TRPP channels, there are over 33 genes that encode TRP subunits, which
form a superfamily of mammalian channels, further subclassified as TRP-C, TRP-V,
TRP-M, TRP-P, TRP-ML, TRP-N, and TRP-A subfamilies [94]. Several members
of the TRPC (“C” for canonical) family channels, especially TRPC1, TRPC3, and
TRPC6, are considered to be mechanosensitive and important for accurate
cardiomyocyte function and signaling [102, 103]. TRPC1 expression has been
shown to increase in an induced rat heart hypertrophy model, while TRPC1-/-

mice seem protected from cardiac hypertrophy, which underlines its crucial function
in pathological hypertrophic signaling [104]. Most surprisingly, the functions of
these multiple TRPC channels do not seem to be redundant in cardiomyocytes,
potentially because they act through different regulatory mechanisms [105]. Mice
with heart-specific overexpression of TRPC6 develop spontaneous cardiac hyper-
trophy and pathological remodeling, whereas TRPC6 deletion or inhibition has been
shown to be cardioprotective [106, 107]. Of note, TRCPC6 channels are also
partially regulated by PI3K-dependent exocytosis.

Since it has been shown that expression of TRP cation channel, subfamily C,
member 3 (TRPC3) is increased in response to calcineurin signaling [52, 102], a
potential link from TRPC6 function to calcineurin has also been analyzed. Interest-
ingly, TRPC6 abundance was differentially upregulated in mouse hearts in response
to pressure overload and, most strikingly, in failing human hearts. Two conserved
NFAT consensus sites in the promoter of the TRPC6 gene have been discovered,
representing a potential reciprocal activation circuit in which calcineurin activation
results in increased TRPC6 expression [50, 108]. In turn, in vivo pathological
cardiac overexpression of TRPC6 was associated with enhanced calcineurin signal-
ing leading to pathologic cardiac growth and heart failure [50].

6.3 Mechanosensitive Potassium Channels in the Heart

Besides TRP channels, multiple types of mechanosensitive K+ channels are
expressed in different parts of the heart [12, 94]. TREK-1 [(TWIK)-related K+

channel], also known as potassium channel subfamily K member 2, is expressed
in both the atria and ventricles, and extensive research has shown that TREK-1 and
its human homologue TRAAK (TWIK-related arachidonic acid stimulated K+

channel) are mechanosensitive [109–112]. TREK-1 channels are aligned in longi-
tudinal stripes on the cardiomyocyte surface, which potentially facilitates bidirec-
tional strain sensing [112]. TREK-1 channels that can easily be opened by either
pipet suction or pressure in vitro have thereby been linked to arrhythmogenesis and
the onset of atrial fibrillation as well as heart failure [12, 94]. The role for TREK-1 in
arrhythmogenesis is further strengthened by the fact that several anti-arrhythmic
drugs, including lidocaine, mexiletine, propafenone, dronedarone, and vernakalant,



inhibit TREK-1 channel function. Compared to TREK-1, the human relevance of
TRAAK is less well understood [12, 94].
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Recently two newly discovered proteins, Piezo1 and Piezo2, which assemble as
transmembrane trimers, were also proposed as bona fide stretch-activated channels
with striking characteristics in sarcolemmal force sensing and potentially regulating
calcium influx [94]. Piezo1 channels are upregulated in rodent heart failure but are
downregulated and potentially delocalized in in vitro cardiomyocyte stretch models
[113]. Being largely characterized in endothelial cells and shear stress scenarios,
more research in hearts and cardiomyocytes is needed to fully clarify the role of
Piezo channels in mechanotransduction in cardiac muscle health and disease.

7 The Microtubule Network in Cardiomyocyte Stretch
Sensing: More Than Just a Skeleton

The view of the microtubule’s role in cardiac function and mechanotransduction has
experienced a fundamental change along with the availability of more sophisticated
observational and manipulative molecular techniques [114, 115]. Like with other
molecules involved in cardiac strain sensing, direct observation of dynamic micro-
tubule networks in beating myocytes also suggests a complex behavior with spring-
like functions that is additionally fine-tuned by post-translational modifications
[115]. Maybe most relevant, targeted detyrosination (dTyr) of microtubules is a
result of enzymatic cleavage of a C-terminal tyrosine residue and is thereby able to
facilitate specific interactions with intermediate filament proteins like desmin that
link microtubules to the sarcomeric Z-disc or components of the nuclear envelope
[26, 116, 117]. Beyond that, recent progress in elegant live imaging techniques has
helped to visualize growing microtubule networks in cardiomyocytes. These exper-
iments revealed that microtubules likely grow from Z-disc to Z-disc and even tend to
pause, drift, or deviate on this central sarcomeric signaling hub. Strikingly, this
growth behavior implicates local protein-microtubule interactions and possible
modifications at the sarcomeric Z-disc in affecting microtubule architecture
[115]. Modified microtubules are known to alter cardiomyocyte stiffness, resulting
in overall increased myocyte viscoelasticity conditioned by elevated detyrosination
[114]. Microtubules are also believed to modify cardiac contractility and cytoskeletal
mechanosignaling through a variety of processes involving cellular organelles like
mitochondria and the nucleus [7, 14, 25, 115]. Moreover, microtubules have been
shown to form interactions with structural components and ion channels within the
t-tubule system and sarcoplasmic reticulum, controlling ion channel membrane
trafficking and indirectly EC coupling [114, 115]. Elevated levels of dTyr microtu-
bules can be a result of elevated levels of reactive oxygen species (ROS) and levels
of nitric oxide (NO) as they occur during increased mechanical stretch in
cardiomyocytes [115]. dTyr microtubule abundance is also increased in human
cardiomyopathy, and increasing detyrosinated micotubules herein correlated with



declining systolic function [116]. Moreover, dTyr microtubules are believed to have
in particular an increased affinity to bind the intermediate filament and strain-sensing
molecule desmin [115]. In this setting, also proper positioning of organelles like
mitochondria and the cardiomyocyte nucleus involves the cardiac actin network,
desmin, and the microtubule system [26]. Alterations in all these structures
(a hallmark of heart failure remodeling) also result in impaired cardiomyocyte
mitochondrial metabolism and Ca2+ cycling as well as impaired nuclear function,
integrity, and even possible DNA damage [25, 115, 116].
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7.1 Mechanotransduction at the Cardiomyocyte’s Nuclear
Lamina

The cardiomyocyte nucleus, representing the command center of cardiomyocyte
gene regulation, is another important organelle involved in mechanoperception
[25, 26, 118]. Lamins are the main protein components of the inner nuclear lamina
and form stable filament webs inside the whole nucleus [119, 120]. Lamins are
intermediate filament proteins divided into A-type lamins, derived from alternative
splicing of the LMNA gene, and B-type lamins that are encoded by distinct LMNB1
and LMNB2 genes, respectively [121, 122]. Experimental evidence has demon-
strated that lamin structures play pivotal roles in the maintenance of normal nuclear
mechanics and cardiomyocyte mechanotransduction [119, 123]. Besides its nuclear
functions, lamins affect the mechanical properties of the cytoplasm and the organi-
zation of cytoskeletal elements as well as regulation of the overall cell shape
[119, 122, 124]. Hence, lamins are believed to interact with multiple proteins and
thereby can regulate gene expression, chromatin homeostasis, and even nuclear
positioning [124, 125]. Cells from lamin knockout mice show decreased association
of desmin at the nuclear surface and severe alterations of actin-, vimentin-, and
tubulin-based filament structures. A-type lamins, represented by lamins A and C, are
developmentally regulated proteins found in high abundance in the skeletal and
cardiac muscle. The crucial function of these proteins is emphasized by the facts that
mice deficient in lamin A and C develop severe muscular dystrophy and die
prematurely at the age of 6–8 weeks [124]. Moreover, human relevance is underlined
by a group of diseases caused by mutation variants in the LMNA gene sequence
[126, 127]. Laminopathies are usually classified into four groups, according to the
number and the types of the affected tissues. The first group represents lamin myop-
athies affecting both the skeletal and the cardiac muscles [128]. Mutations in the
lamin A gene are generally considered one of the most common mutations associ-
ated with this disease. LMNA gene defects are believed to account for almost one
third of dilated cardiomyopathy cases accompanied by atrioventricular block
[128]. Given the knowledge that cells expressing mutated A-type lamins display
histological lobulations in the nuclear envelope, loss of peripheral heterochromatin,
and anomalous nuclear pore complex distribution, two main models were



hypothesized to explain the onset of laminopathies [25, 124]: according to the
“structural model,” mutations in A-type lamins impair the nuclear resistance to
mechanical stimuli, resulting in fragility, increased stress sensitivity, and possibly
premature senescence [25, 124]. This model would explain why in particular striated
muscle tissues, which are frequently exposed to mechanical strain, are mainly
affected by “laminopathies.” The mechanistic role of lamins in cardiac
mechanotransduction is also related to their unique filamental structure and biophys-
ical behavior. Assembly of the nuclear lamin mesh starts with lamin dimer assembly
and subsequent dimer aggregation head to tail, finally forming small polymer
filaments [121].
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Under increasing cardiomyocyte tension, integrins transmit a strain-dependent
external impulse to the cytoskeleton, which then transfers the stimulus to the nuclear
lamina structure. In turn, lamins are rearranged at the molecular level, leading to
unfolding of lamin A immunoglobulin domains and/or alterations of flexible linkers
L1, L12, and L3 in the protein structure, as well as alterations in the dimer head-tail
interaction. Within these proposed “altered protein complex” models, mechanical
strain straightens the lamin proteins as well as the overall lamin-nuclear-mesh
potentially exposing protein-binding regions [128]. The global lamin-mesh
rearrangement has been correlated with a higher nuclear localization of cardiac
transcription factors (cFOS, RARG, JNK, SRF, MRTF, Yap1, and ERK), and
their specific affinity to chromatin by exposing binding sites for these transcription
factors to increase transcription of cytoskeletal components [119, 125, 128,
129]. Moreover, cardiomyocytes can modulate the nuclear biophysical properties
by changing the phosphorylation level of the lamins, thereby affecting both the
structural lamina conformation and stiffness. In this case increased force transmis-
sion results in hiding of the sites for phosphorylation. The inhibited phosphorylation
activity increases the amount of lamins at the nuclear envelope with a consequent
increase in lamina stiffness [130, 131].

7.2 Mechanotransduction by Protein Complexes Within
the Nuclear Envelope

But besides the lamin web, there are other integral parts of the nuclear envelope that
are involved in mechanotransduction like LINC complexes (LInker of
Nucleoskeleton and Cytoskeleton) that contain different nesprins, emerin, and
SUNs (named for SUN domain family members (Sad1p, Unc-84). LINC complexes
can sense and regulate myocyte-wide strain transfer to the nucleus itself [25, 26,
132]. LINC complex disruptions have been analyzed and described in cells that
typically are prone to experience high mechanical strain, such as myocytes and
cardiomyocytes. Nesprins share the common capabilities of stretch sensing mole-
cules, as they have been shown to unfold upon envelope strain, exposing binding
sites that promote either dimerization or recruitment of additional binding proteins,



facilitating complex stability and rigidity [25, 26]. In mice, deletion of nesprin 1 and
2 gene function results in cardiomyopathy and altered gene expression in response to
myocyte pressure overload [133, 134]. Linking the nucleus to the cytoskeleton,
microtubules not only can provide compressive forces on nuclei but also show
multiple interactions to nesprin 1 and 2 [135, 136]. It is speculated that loss of
desmin-nesprin-microtubule interactions or disruption of LINC in nuclear envelopes
results in nuclear membrane infolding, driven by external forces applied through
external microtubule-network compression [26]. Since correct assembly of LINC,
desmin, and the microtubule network is required for accurate nuclear shape, the
integrity, positioning, and homeostasis, nesprin-dependent regulation of LINC sta-
bility might represent another important cardiac mechanotransduction principle
[25, 26, 134–138].
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8 Mechanotransduction and Mechanosensitive Gene
Induction

Extensive gene expression profiling in cardiomyocytes using cDNA microarrays or
RNA sequencing has helped to gain more insight into strain-associated gene regu-
lation and led to the discovery of cardiac mechanosensitive gene programs [139]. In
vitro models of cardiomyocyte stretch as well as animal models of experimental
pressure overload by transverse aortic constriction (TAC) have consistently demon-
strated increased expression of natriuretic peptide genes and re-expression of a
so-called fetal gene program. Beyond that Mt1 (encoding metallothionein 1) and
various other genes encoding proteins involved in mitochondrial metabolism or the
cytoskeleton are believed to be expressed or re-expressed in a strain-dependent
manner in cardiomyocytes [140]. More cardiomyocyte genes with potentially spe-
cific mechanosensitive expression have been discovered like suppression of
tumorigenicity-2 (ST2) and the TGF-beta superfamily member growth differentia-
tion factor-15 (GDF15) [141], which subsequently have been developed as a clinical
biomarker for myocardial infarction, hemodynamic cardiac load, or heart failure
[142–145]. Myocardial gene expression can be regulated on the posttranscriptional
level by a variety of mechanisms like certain microRNAs that are also believed to be
differentially expressed in various loading conditions or that are involved in the reg-
ulation of mechanotransduction. MicroRNAs are short, non-coding RNAs that bind
complementary mRNAs to control mRNA degradation or subsequent protein trans-
lation. In an effort to identify specific microRNAs regulated through myocyte
stretch, we and others used microarrays under different experimental loading con-
ditions in cardiomyocytes in vitro. These experiments identified miR-20a as being
responsive to both stretch and simulated ischemia reperfusion and that
overexpression of miR-20a was sufficient to protect cardiomyocytes from
apoptosis [146].
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9 Translational Perspectives

The increasing insight into molecular mechanisms of mechanoperception and trans-
mission (mechanotransduction) is the potential basis for the development of new
therapeutic approaches. Biomechanical stress sensors and downstream signaling
pathways involving the above described sarcomere-associated molecules are essen-
tial for physiological cardiac function [2, 19]. Impairment or dysregulation of this
complex network is directly associated with a variety of congenital and acquired
cardiac diseases such as laminopathies, dystrophinopathies, desminopathies,
arrhythmogenic right ventricular cardiomyopathy, familial restrictive cardiomyopa-
thy (RCM), valvular and ischemic heart diseases, and dilated and/or hypertrophic
cardiomyopathy (DCM, HCM) [27, 54, 56, 58, 63].

The causes for laminopathies, dystrophinopathies, and desminopathy are known
mutations in specific genes encoding for proteins associated with sarcomeric pro-
teins, namely, lamins (LMNA), dystrophin (DMD), and desmin (DES) [55, 56, 147–
149]. In addition, dozens of mutations in genes encoding for different sarcomeric
proteins involved in mechanoperception and translation of stretch-induced signals
have been identified to contribute to different cardiomyopathies [38, 98, 150,
151]. Basic research using knockdown approaches in in vitro and in vivo models
as well as OMICs studies analyzing patient data can help to identify even more
mutations and polymorphisms as risks factors for cardiomyopathies (Fig. 3).

Besides congenital mutations, chronically increased biomechanical stress on the
ventricular myocardium, which occurs as a result of pressure overload in hyperten-
sion and valvular but also after remodeling processes in ischemic heart diseases and
dilated/hypertrophic cardiomyopathies, leads to alterations in signaling cascades
triggered by mechanotransduction and subsequently accelerates disease progression
to heart failure. A better understanding of the structural and regulatory role of
sarcomere-associated proteins in mechanotransduction has already led to tests of
new pharmaceutical approaches. In recent years especially ion channels/transporters
have come into focus as targets to block detrimental signaling induced by biome-
chanical stress in the myocardium leading to cardiac remodeling and heart failure.
Examples are cariporide treatment of patients with ischemic heart disease and in
in vivo models of cardiac hypertrophy [152], rimeporide treatment of children with
dystrophinopathy [153], and inhibition of K+ channels in models of atrial fibrillation
[154, 155]. However, further research is essential, as the inhibition often lacks
specificity and may increase the risk for side effects (e.g., strokes, as reported for
the cariporide treatment [152]), and the molecular mechanisms are still not
completely understood (e.g., association of anti-arrhythmic drugs with inhibition
of TREK-113 on the one hand but correlation of impairment of TREK-1 with
arrhythmogenesis on the other hand).

As described above, many other members of the network of cardiac
mechanoperception and mechanotransduction are currently studied in in vitro and
in vivo experiments with regard to their exact function, and further studies might
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CARDIOMYOPATHY MUTATED GENE/PROTEIN
HYPERTROPHIC CARDIOMYOPATHY Myosin binding protein C

ß-Myosin heavy chain
α-Myosin heavy chain
α-Tropomyosin
Troponin T
α-Cardiac actin
Troponin I
Titin
Myosin light chains
Junctophilin 2
Caveolin 3
RYR2
PDLIM3
Troponin C
Vinculin
Muscle LIM protein
α-Actinin 2
FHL1
Telothonin
Calsarcin 1
Vinculin
Myomesin 1
Filamin C

DILATED CARDIOMYOPATHY �-Myosin heavy chain
Desmin
N-cadherin
α-Cardiac actin
α-Tropomyosin 
Muscle LIM protein
δ-sarcoglycan
Lamin A/C
TAZ
Titin
Phospholamban
Vinculin
Troponin I
Troponin T
SCN5A
Presenilin 1 & 2
Troponin C
α-Cardiac actinin
Plakoglobin
Nexilin
Nebulette
Cypher, ZASP
ILK
FHL1
FHL2

Fig. 3 List of mostly accepted cardiomyopathy-associated genes in relation to their disease
phenotypes. Genes/proteins that are believed to be directly or indirectly involved in cardiac stretch
sensing and mechanotransduction are highlighted in red. Web access to comprehensive lists of
cardiomyopathy-associated genes and gene variants is possible via https://www.ncbi.nlm.nih.gov/
clinvar/?term=cardiomyopathy, https://www.cardiodb.org/acgv/, https://seidman.hms.harvard.
edu/?page_id=1476

https://www.ncbi.nlm.nih.gov/clinvar/?term=cardiomyopathy
https://www.ncbi.nlm.nih.gov/clinvar/?term=cardiomyopathy
https://www.cardiodb.org/acgv/
https://seidman.hms.harvard.edu/?page_id=1476
https://seidman.hms.harvard.edu/?page_id=1476
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α-Actinin 2
Calsarcin 1
Crystallin Alpha B
Myopalladin
Myotilin
RBM20
Filamin C

RESTRICTIVE CARDIOMYOPATHY Troponin I
Desmin
α-Cardiac actin
Troponin T
Tropomyosin α
Bcl2-Associated Athanogene 3
Myopalladin
Calsarcin 1
ß-Myosin heavy chain
Filamin C

ARRHYTHMOGENIC RIGHT
VENTRICULAR CARDIOMYOPATHY

Plakophilin-2

Junctional plakoglobin
Desmocollin-2
Desmoglein-2
Desmoplakin
Filamin C
Catenin A3
Lamin A/C
Titin
TGF-��B3
RYR2
Transmembrane Protein 43
Lim Domain-Binding 3
Arrhythmogenic Right Ventricular 
Dysplasia, Familial 3, 4, 6
Phospholamban
Desmin

MUSCULAR DYSTROPHY–
ASSOCIATED CARDIOMYOPATHY

Dystrophin

Sarcoglycan
Dystroglycan
Dystrobrevin

LEFT VENTRICULAR 
NONCOMPACTION

TAZ

α-Dystrobrevin
FKBP12
ß-Myosin heavy chain
α-Cardiac actin
Troponin T
Calsequestrin 2
E3 Ubiquitin Protein Ligase 1
Lim Domain-Binding 3
T-Box 20
Pr Domain-Containing Protein 16

Fig. 3 (continued)



demonstrate their potential in therapeutic approaches (e.g., titin, MLP, LMCD1,
myomasp/LRRC39, melusin, polycystin, talin, TRPC1 and TRPC6, and nesprin).
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In this context, not only the development of conventional pharmaceutics is of
interest, but also the constantly growing field of gene therapies amplifies the
potential targets and therapeutic approaches including a “personalized medicine”
approach for genetic disease.

The most promising methods for gene therapy are CRISPR/Cas-based and vector,
mostly adeno-associated virus (AAV), mediated approaches. In recent years more
and more successful gene editing in vitro and in vivo has been performed, e.g., for
removal of HIV proviral DNA sequences or host receptors to treat HIV infections,
targeting the convertase PCSK9 which is associated with high blood lipid levels to
treat cardiovascular diseases or to correct mutations causing sickle cell disease in
stem cells [156]. Although gene editing in humans is ethically controversial, first
human cells with induced disruption of genes associated with inhibition of anti-
tumor responses and introduced tumor recognition genes have been used to treat
cancer patients [157]. With regard to heart diseases, AAV9-mediated CRISPR/Cas9-
based gene editing has been used to target specific genes in cardiomyocytes in
animal models, too [156, 158]. Along these lines, a number of new animal models
for, e.g., dystrophies, cardiovascular diseases, and dilated cardiomyopathies have
been created for further research [156]. Furthermore, first in vivo corrections of
mutations which cause heart diseases have been described [156, 159], e.g., an
AAV9-Cas9-based approach to restore functional dystrophin levels in a canine
model for Duchenne muscular dystrophy [89, 156]. The potential of gene therapies
in general and for genetic and acquired cardiomyopathies in particular is immense,
as beyond correcting mutations, possible targets for CRISPR/Cas approaches to treat
cardiac diseases are discussed [159, 160]. In this context, proteins involved in
mechanotransduction are promising targets and await further research. But beyond
these potential promising possibilities of gene therapeutic approaches in genetic
cardiomyopathies, there are numerous scientific, ethic, and economic limitations
with respect to a broad bedside use in humans.

10 Conclusions

Cardiac and skeletal muscle cells bidirectionally sense and transmit (outside-in and
inside-out) mechanical forces between the extracellular matrix, the contractile appa-
ratus, and various organelles, and they consecutively respond via structural changes
and altered signal transduction, a process known as cardiac mechanotransduction.
Increases in mechanical load of cardiac myocytes lead to biochemical signals and
induce cellular hypertrophy, an initially adaptive response that, through persistent
strain exposure, ultimately leads to pathological hypertrophy, increased tissue fibro-
sis and stiffness, predisposition to various arrhythmias, and subsequent terminal
heart failure. Over the past decade, increasing scientific evidence has emerged that
sensing cardiac load involves not the “cardiac stretch sensor” but rather divergent,



different, and multiple mechanisms involving a large variety of structural and
regulatory proteins at distinct subcellular localizations. These recent scientific
advances provide better mechanistic insight into the earliest manifestations of
pathologic cardiac hypertrophy and heart failure. And beyond this, such progress
also promises future possibilities of better therapeutic interventions for diseases still
leading mortality and death rates in the Western world.
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