
Supporting the heart: Functions of the cardiomyocyte’s non-
sarcomeric cytoskeleton

Kelly M. Grimesa,*, Vikram Prasada, and James W. McNamarab

aDepartment of Pediatrics, Cincinnati Children’s Hospital Medical Center, Cincinnati, OH, USA

bHeart, Lung and Vascular Institute, University of Cincinnati, Cincinnati, OH, USA

Abstract

The non-contractile cytoskeleton in cardiomyocytes is comprised of cytoplasmic actin, 

microtubules, and intermediate filaments. In addition to providing mechanical support to these 

cells, these structures are important effectors of tension-sensing and signal transduction and also 

provide networks for the transport of proteins and organelles. The majority of our knowledge on 

the function and structure of these cytoskeletal networks comes from research on proliferative cell 

types. However, in recent years, researchers have begun to show that there are important 

cardiomyocyte-specific functions of the cytoskeleton. Here we will discuss the current state of 

cytoskeletal biology in cardiomyocytes, as well as research from other cell types, that together 

suggest there is a wealth of knowledge on cardiac health and disease waiting to be uncovered 

through exploration of the complex signaling networks of cardiomyocyte non-sarcomeric 

cytoskeletal proteins.

1. Introduction

The vast majority of studies on the mammalian cytoskeleton are conducted on proliferative 

cell types due to the key roles of the cytoskeleton in cell division and migration. As such, 

studies on non-contractile cytoskeletal proteins such as microtubules, intermediate filaments, 

and cytoplasmic actin comprise a relatively small subset of cardiovascular research. 

Cardiomyocytes stand apart from other cells in that they experience constant cyclical 

contractile stress, despite having incredibly low replicative capacity. Furthermore, 

cardiomyocytes are densely packed with sarcomeres, mitochondria, nuclei, T-tubules, and 

the sarcoplasmic reticulum, leaving only a small portion of the cell’s volume for cytoskeletal 

proteins [1]. Such tight packing of organelles and myofibrils would then ostensibly require 

exquisite architectural and structural organization. It thus stands to reason that the 

cardiomyocyte cytoskeleton may function or is regulated differently to the cytoskeletons of 

the neuronal and proliferative cell types from which we have gleaned most of our knowledge 

of cytoskeletal proteins. From the current body of literature, it is evident that the non-

sarcomeric cardiomyocyte cytoskeleton is critical for contractile function, tension sensing, 

*Corresponding author at: Cincinnati Children’s Hospital Medical Center, Molecular Cardiovascular Biology, 240 Albert Sabin Way, 
MLC 7020, Cincinnati, OH 45229, USA., Kelly.Grimes@cchmc.org (K.M. Grimes). 

Disclosures
There are no conflicts of interest to disclose.

HHS Public Access
Author manuscript
J Mol Cell Cardiol. Author manuscript; available in PMC 2020 June 01.

Published in final edited form as:
J Mol Cell Cardiol. 2019 June ; 131: 187–196. doi:10.1016/j.yjmcc.2019.04.002.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and signal transduction. Although sarcomeric actin functions with myosin to generate 

muscle contractile force, neither myofibrillar protein extends all the way to the intercalated 

discs (ICDs) and costameres at the ends of the cardiomyocytes. Instead cytoplasmic actin, 

microtubules, and intermediate filaments act as bridges between the costameres and ICDs at 

membranes and the sarcomeres (Fig. 1). Cytoskeletal networks thus take on crucial roles in 

electrical and mechanical coupling in cardiomyocytes, facilitating inter- and intracellular 

signal transduction. With costameres and ICDs acting as hubs for all three of the cytoskeletal 

networks, it is easy to envision copious crosstalk between these proteins in cardiomyocytes. 

Indeed, the communication between actin and microtubules has been known for nearly 50 

years, since researchers found in 1970 that the development of actinbased protrusions in 

fibroblasts depend on an intact microtubule network [2]. Throughout this review we will 

highlight research that suggests the cytoskeletal networks within cardiomyocytes are no less 

interdependent. Due to the intricacies of these networks, the dysregulation and dysfunction 

of cytoskeletal proteins can have dire consequences for heart function and culminate in 

various cardiomyopathies. Altogether, this review will discuss the current knowledge of how 

cytoplasmic actin, microtubules, and intermediate filaments affect healthy and diseased 

cardiac function (Table 1). Where there is a lack of cardiac-specific research on these 

proteins, we will discuss findings from skeletal muscle- and non-muscle-based studies.

2. Cytoplasmic actin

There are several isoforms of actin that reside in cardiomyocytes. Within the sarcomere, thin 

filaments are primarily comprised of α-actin, and actively contribute to contraction via their 

interaction with myosin-based thick filaments. Three isoforms of α-actin exist: cardiac, 

skeletal, and smooth muscle. Outside of the sarcomere, actin microfilaments are made up of 

the cytoplasmic β and γ isoforms that provide a subcortical support network. A smooth 

muscle isoform of γ-actin also exists, but is only found in enteric smooth muscle. Knockout 

mice of any one actin isoform exhibit compensatory upregulation of other actin isoforms. 

Yet because the functional roles of each actin are different, these knockout mice still display 

phenotypes, most of which include cardiac dysfunction [3]. Between all mammalian actin 

isoforms there is at least 93% sequence identity. Given the sequence similarities and 

compensation, in addition to the fact that the vast majority of actin within a cardiomyocyte is 

cardiac α-actin, it has been technically challenging to observe and study cytoplasmic actin in 

these cells. As such, the most common reagent used to observe actin is fluorescently labeled 

phalloidin, a toxin that binds to all filamentous (F) actin, sarcomeric and cytoplasmic, 

making it difficult to delineate changes between the two within cardiomyocytes. It has also 

been challenging to define the differences in function between cytoplasmic β and γ isoforms 

themselves due to the fact that they differ by only 4 amino acids in their N-termini. Despite 

this, recent evidence suggests that there are differences in polymerization rates and stability 

between these two isoforms [4].

Actg1 (encoding γ-actin) knockout mice are viable and can survive into adulthood, but large 

numbers die as newborns due to developmental delays. Actg1−/−EIIa-cre conditional 

knockouts do survive beyond development, but then develop centronuclear myopathy [5,6]. 

Intriguingly, γ-actin can incorporate into sarcomeric thin filaments of skeletal muscle 

without significant contractile detriment in a γ-actin overexpression mouse model. However, 
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the overexpression of γ-actin in skeletal α-actin null mice was not able to rescue their 

lethality [7]. Actb−/− mice display embryonic lethality [8,9], and this is attributed to the fact 

that Actb−/− mouse embryonic fibroblasts (MEFs) have severely hampered cellular growth 

and migration, which are both critical for development. This study also revealed that the loss 

of β-actin, unlike the loss of γ-actin, significantly decreases the ratio of globular (G) actin to 

F actin in MEFs, such that less actin is free to be polymerized into new filaments [10]. To-

date, there has been no exploration of the functional or organizational effects when these 

proteins are genetically manipulated specifically in the heart in vivo.

2.1. Function and localization of cytoplasmic actin in cardiomyocytes

Studies on the localization and function of the two cytoplasmic actin isoforms in striated 

muscle are scarce in general. In skeletal muscle, a portion of the γ-actin population tethers at 

costameres, colocalizing perfectly with dystrophin [11]. In both cardiac and skeletal muscle 

cells, costameres are essentially specialized versions of the focal adhesion structures that 

non-contractile cells use as nodal points to transmit and receive tension-based signals. The 

protein networks of these structures span the sarcolemmal membrane to the Z-disks that 

provide structural integrity to the sarcomere [12]. γ-actin also co-localizes with 

mitochondria in diaphragm muscle [13]. Using an adenoviral construct to overexpress GFP-

tagged β-actin in adult cardiomyocytes, it was found that this isoform colocalizes with α-

actinin at the Z-disks and vinculin at costameres and ICDs [14]. Unlike costameres, ICDs 

are only present in cardiomyocytes, not skeletal myocytes, and serve as cell-to-cell contacts 

for tension-, calcium-, and growth-based signaling between cardiomyocytes [15].

Another group showed that transfection of neonatal rat ventricular myocytes (NRVMs) with 

fluorescently-tagged β-actin caused in-corporation of this isoform into sarcomeres like α-

actin [16]. Given that the overexpression of γ-actin caused its aberrant sarcomeric 

incorporation [7], adenoviral overexpression may also cause mislocalization of β-actin. β-

actin is thought to be the dominant isoform in the family that controls cell protrusions and 

migration [10]. Nonetheless, one study found that overexpression of either β- or γ-actin 

causes “extreme induction of filopodia” in adult rat cardiomyocytes [17]. Such leading edge 

dynamics are not well studied in the heart; however, in a mouse model of enhanced YAP 

activity that exhibits increased cardiac proliferation, cardiomyocytes also display cellular 

protrusions further demonstrating that this classic function of the non-sarcomeric actin 

cytoskeleton does exist in cardiomyocytes. ChIP-seq analysis of these YAP hearts revealed 

an upregulation of genes that control actin cytoskeletal dynamics and actin polymerization, 

including those encoding mammalian enabled (Mena), δ sarcoglycan—a key costameric 

protein, and the actin polymerization factor formin 2 [18].

The formation of actin microfilaments that make up the cytoskeleton and, within myocytes, 

the thin filaments of the sarcomere, occurs through polymerization of G actin into F actin. 

ATP-bound G actin monomers are added to the “barbed” or plus ends of filaments at a rate 

much faster than that which they are added to the “pointed” or minus ends [19]. The ratio of 

G to F actin in a cell, and even the micro-environments at the plus and minus ends of a 

filament, is critical to the rate of polymerization. A higher concentration of G actin at one 

end of the filament will facilitate polymerization at that location. An actin filament is said to 
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be in a “treadmilling” state when the concentration of monomers is lower at the minus end, 

causing disassembly, and higher at the plus end, leading to polymerization [20]. Profilin is 

essential in essential in the polymerization process. It binds G actin and aids in the 

conversion of ADP to ATP and dissociates from actin upon ATP hy-drolysis that occurs as 

actin monomers are added to filaments [19].

Nucleation and elongation promoting factors (NEPFs) bind profilin-G-actin complexes to 

promote polymerization. These include Ena/VASP proteins (of which Mena is a member), 

Wickett-Aldrich syndrome proteins, and formins. Mena was originally found to localize with 

actin stress fibers in fibroblasts and act as a ligand for profilin [21]. Either overexpression or 

deletion of Mena in mice leads to cardiomyopathy [22,23]. In cardiomyocytes, Mena 

associates with αII-spectrin, another actin binding protein, and localizes to Z-discs and 

ICDs. Moreover, when Mena is genetically deleted along with VASP (vasodilator-stimulated 

phosphoprotein), the cardiac β-actin network becomes disrupted [24]. Formins are another 

family of NEPFs consisting of 15 mammalian proteins that bind the profilin-G-actin 

complex and accelerate ATP hydrolysis using the free energy to recruit and add more 

profilin-G-actin complexes to the filament [25]. As of late, there has been a wealth of studies 

on the roles of formins and profilin in sarcomeric thin filament maturation. Despite this, only 

one study has suggested a possible role for formins in regulating the cardiomyocyte 

cytoplasmic actin cytoskeleton, pointing to the localization of the formin FHOD1 at 

costameres and ICDs [26]. Interestingly, several in vitro studies have shown both formins 

and profilin can bind and affect the function of microtubules. Formins can stabilize 

microtubules and direct their orientation in migratory cells [27]. In the case of mDia1, this 

formin can actually cause bundling of actin and alignment of micro-tubules with those actin 

bundles [28]. Profilin can also interact with microtubules, such that when actin 

polymerization is blocked by cytochalasin D treatment, thus increasing the pool of free 

profilin, these proteins shift their localization to microtubules [29]. On the other side of actin 

polymerization are the actin depolymerizing factor (ADF)/cofilin group of proteins which 

associate with ADP-bound F-actin and sever the filaments. The resulting actin fragments can 

either be depolymerized or nucleated with the help of ADF/cofilins. ADF has slightly lower 

actin nucleating abilities compared to cofilin-2 (found in myo-cytes) and cofilin-1 (in all 

other cell types) [30]. Altogether, however, there is an unmistakable lack of data on how 

cytoplasmic actin microfilaments are constructed and depolymerized in cardiomyocytes and 

how these processes may contribute to overall heart function.

2.2. Functions of cytoplasmic actin-associated proteins

We know much more about the cardiac-specific functions of various cytoplasmic actin 

accessory proteins and non-muscle myosins than the cytoplasmic actin filaments themselves. 

Linking of the cytoplasmic actin filaments to the sarcolemma and membrane proteins, which 

likely facilitates localization and retention of key signaling platforms, pre-dominantly occurs 

through families of adaptor cytoskeletal regulators such as spectrins, ankyrins, and 4.1 

proteins. Spectrins are constituents of the cytoskeleton that play a key role in providing 

structural support for the sarcolemma and contribute to the localization and anchoring of key 

signaling complexes in the cytoplasmic actin cytoskeleton. As long as ago as 1983, spectrins 

were found to associate with γ-actin at myo-cyte costameres [31]. However, only in recent 
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years have researchers begun to truly understand their function in the heart. Members of this 

family, of which there are two α-spectrin and five β-spectrin genes, associate with actin via 

recruitment of accessory capping proteins such as adducin and tropomodulin. β-spectrins 

can also directly interact with the sarcolemmal membrane via their C-terminal pleckstrin 

homology domains. In erythrocytes, spectrins are known to associate with desmin 

intermediate filaments [32], but this function has not yet been reported in myocytes.

At least three splice variants of αII-spectrin have been described in the heart [33,34], 

including a cardiomyocyte-specific variant (αII-cardi +) that appears to be developmentally 

regulated and localizes to the Z-disks [35]. αII-spectrin also localizes to T-tubules, 

sarcoplasmic reticulum, and ICDs [34,36,37]. It may additionally play a role in coordinating 

the organization of proteins in the sarcolemmal membrane such that they are better 

positioned for signaling with the sarcomere [38]. Loss of αII-spectrin has been shown to 

cause cardiac defects and results in embryonic lethality [39], revealing an essential develop-

mental role in the heart. Comparatively, we have a better understanding of the role of β-

spectrins in the heart. In adult cardiomyocytes, βII-spectrin interacts with ankyrin-B to 

localize and position key ion transporters such as the sodium/potassium ATPase (Na+/K+-

ATPase) and sodium/calcium exchanger (NCX1) [40]. Accumulating evidence indicates an 

important role for βIV-spectrin in cardiomyocytes as well; Hund and colleagues 

demonstrated that βIV-spectrin interacts with ankyrin-G at the ICD and that this interaction 

facilitates the targeting of calcium/calmodulin-dependent kinase II (CamKII) to the ICD. 

This, in turn, was demonstrated to regulate Nav1.5-mediated inward Na+ currents [37].

Closely associated functionally with spectrins are the ankyrins, Ank1 (encoding ankyrin-R) 

[41], Ank2 (encoding ankyrin-B) [42], and Ank3 (encoding ankyrin-G) [43], all of which 

have been identified in cardi-omyocytes [44–46]. Although these three proteins share a high 

level of sequence similarity, studies from knockout mouse models have revealed that they 

serve distinct, and non-redundant functions linking various sarcolemmal proteins to the 

spectrinactin network. Loss of ankyrin-B is well-established in causing defects in cardiac 

calcium handling and arrhythmias [47]. There is unequivocal evidence of a critical role for 

ankyrin-G in properly localizing Nav1.5 in cardiomyocytes [48]. Indeed, ankyrin-G is key to 

the organization of the entire signaling platform that regulates Nav1.5 activity at the ICD; 

although βIV-spectrin is necessary for the targeting of CamKII to the signaling platform, it 

in turn requires ankyrin-G to be present at the ICD [49].

There is a second family, the 4.1 proteins, that serves as a link between the spectrinactin 

cytoskeletal complexes and membrane proteins, and have also been increasingly implicated 

in the regulation of Na+-signaling [50]. The family consists of four proteins: 4.1R, 4.1N, 

4.1G and 4.1B. Expression of all but 4.1B have been confirmed in cardiomyocytes [51], and 

each has been shown to localize to the lateral sarcolemma, T-tubules, sarcoplasmic 

reticulum, and ICDs [51,52]. Research specifically on 4.1R shows that it co-localizes with 

Na+/K+-ATPase and NCX1, and most noticeably, sorts away from components of cell 

adhesion complexes [52]. Consistent with these findings, analysis of 4.1R knockout hearts 

revealed a reduction in NCX1 current density, prolongation of action potential duration, 

reduced Nav1.5-α expression, and bradycardia, but no perturbation of cell-cell adhesions 

[53]. The current interpretation is that 4.1 proteins associate with and regulate the 
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localization and function of the same proteins as do the ankyrins but localize these proteins 

to distinct membrane and signaling domains. The reasons for this sorting, and its 

consequences for cardiac function and pathologies, remain to be elucidated.

Non-muscle myosins also associate with cytoplasmic actin micro-filaments, and these 

interactions are necessary in order to produce the contractile forces needed for cell polarity, 

migration, and adhesion [54]. The myosin II family consists of the classical myosin motors 

that reside within the sarcomere as well as three non-muscle myosins (NMIIs). Two NMIIs 

reside in the cardiomyocyte: NMII-B at Z-disks and ICDs and NMII-C at only ICDs [55]. 

Only NMII-B seems essential for cardiac development as whole-body knockouts of the 

protein are embryonically lethal, and cardiac-specific conditional knockouts develop 

hypertrophy stemming from ICD disruption [56,57]. A study of the association of NMIIs 

with actin isoforms revealed that NMIIs have two-to fourfold greater coupling efficiencies 

with β- and γ-actin compared to α-actin. NMIIs also have faster sliding velocities with β- 

and γ-actin filaments. Moreover, NMII-C has preferential association for β-actin over the γ 
isoform, whereas NMII-B has no predilection for either [58]. The differences in NMII 

associations with cytoplasmic actin isoforms, as well as their differential localization, may 

then point to different functional roles for β- and γ-actin in cardiomyocytes. Recently, it has 

been shown that NMII is critical to the tension-sensing capabilities of cardiomyocytes. The 

contractions produced by NMII are layered on top of the more rapid sarcomeric myosin-

based contractions. Under normal conditions, these contractions result in oscillatory 

stretching that is integrated by the mechanosensitive costameric protein talin [59].

Several non-conventional myosins (i.e. members of myosin classes outside of the myosin II 

family), may be critical to cardiac function, though information on their functionality is 

scarce in the cardiomyo-cyte, if they are at all present. Some of the non-conventional 

myosins are thought to function as organelle transporters, but there is also a body of 

evidence describing their roles as tension sensors [60], which supports the NMII data 

discussed above. Myosin VI is a motor that moves towards the minus end of actin filaments 

(in contrast to all others which are plus-end directed [61]) and has many functions including 

organelle transport and cytoskeletal-based motility [62]. In skeletal muscle, it has been 

shown to localize to the sarcoplasmic reticulum [63]. Myosin VI is also well known to 

associate with the adaptor protein disabled 2 [64], a promoter of cardiomyocyte 

differentiation [65]. Conversely, myosin XVIIIb has been established as important in the 

heart, as embryonic lethality occurs in the knockout mouse due to significant cardiac defects 

[66]. These mice display sarcomeric disarray, but little else has been determined about the 

cardiac-specific function of myosin XVIIIb and how it may interact with the cytoskeleton. 

Interestingly, it has been shown to translocate to the nucleus upon differentiation in skeletal 

muscle suggesting a possible role in muscle-specific gene transcription [67]. There also is a 

growing population of studies in non-cardiac cells reporting the ability of the non-

conventional myosins to interact with microtubules [60]. Myosin V and VI depletion in 

neurons increases mitochondrial transport along microtubules [68], and myosin X binds 

microtubules and helps to position centrosomes during cell division [69]. These data 

reinforce the notion that there are many layers of interconnectedness between the different 

cytoskeletal systems.
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2.3. Importance of cytoplasmic actin and associated proteins in disease processes

Because there has not been much research on the basic biology of cytoplasmic actin in 

cardiomyocytes, the data on how β- and γ-actin change during cardiovascular disease or 

even contribute to cardiomyopathies is extremely scarce. One study has shown that within 

feline cardiomyocytes, β-actin is upregulated in response to right ventricular pressure 

overload. Conversely, immuno-neutralization of this isoform reduces cardiac contractility 

[14]. Beyond this study, we do not know how cytoplasmic actin changes localization or 

function either in human heart disease or other experimental animal models of cardio-

vascular disease. Evidence suggests that at least one NEPF, cofilin-2, is important in human 

dilated cardiomyopathy. Cofilin-2 localizes to the cardiac protein aggregates that develop in 

a subset of patients with dilated hearts. In the aggregates, cofilin-2 was phosphorylated, 

rendering it inactive. This was validated in vitro with the overexpression of a 

phosphomimetic version of cofilin-2 in NRVMs, which caused the development of actin-

based stress fibers [70]. Stress fibers have similarly been observed in developing chick hearts 

[71]. Actin stress fibers are important in mechanotransduction and localize to focal 

adhesions [72], which supports the role of cytoplasmic actin in tension development and 

sensing in cardiomyocytes when stress fibers are present. As mentioned above, NMII actions 

on cytoplasmic actin are important for normal tension-sensing in cardiomyocytes. However, 

in diseased hearts, deposition of NMII increases at costameres and contributes to aberrant 

tension sensing and cardiac remodeling [59]. Additionally, mutations in non-conventional 

myosin VI are linked with familial hypertrophic cardiomyopathy [73].

The largest body of information on the roles of cytoplasmic actin or accessory proteins in 

heart disease has resulted from studies on spectrins and ankyrins. Many alterations in β-

spectrin function have been outlined in human disease and failure. In Beckwith-Wiedmann 

syndrome, a stem cell disorder, reduced βII-spectrin levels are associated with congenital 

arteriovenous malformations [74,75]. Studies from mouse models have elucidated the 

mechanisms of such changes, finding that βII-spectrin expression is essential for normal 

embryonic development [76]. βII-spectrin deficiency in the heart also causes sinus node 

dysfunction, cytoskeletal remodeling, ryanodine receptor mislocalization, arrhythmias and 

more rapid progression to heart failure in response to increased afterload [40]. Beyond βII-

spectrin, βIV-spectrin has been shown to regulate the targeting of STAT3 to the ICD in 

response to pressure overload [77] and has reduced expression during heart failure in 

humans [78].

Ankyrins also contribute to several forms of cardiovascular disease. Human Ank2 mutations 

have been associated with a spectrum of traits called “ankyrin-B syndrome,” which confers 

both arrhythmias and electrical conduction issues as well as a predisposition to aging-related 

disorders [79,80]. Ankyrin-B has been suggested to be cardioprotective [81,82] and is 

downregulated in a canine model of myocardial infarction [83] and in human atrial 

fibrillation [84]. Brugada syndrome, a potentially fatal arrhythmic condition caused by 

altered Nav1.5 function, has been linked to disruptions in the interaction between this 

sodium channel and ankyrin-G [85,86]. Ankyrin-G also plays a role in the broader 

maintenance of normal cardiomyocyte structure and adaptive remodeling in response to 

pressure overload [87].
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3. Microtubules

Microtubules are hollow barrel-shaped structures that are comprised of heterodimers of two 

tubulin isoforms, α and β. These structures maintain polarity with β subunits oriented 

towards the plus end and α subunits directed towards the minus end. The loss and addition 

of tubulin subunits occurs more rapidly at the plus than the minus end. Polymerization is 

powered by the hydrolysis of GTP bound to β-tubulin that allows the addition of new 

subunits. When in the GDP-bound state, subunits can more easily fall away and the 

microtubule depolymerizes. This property of “dynamic instability” allows for rapid growing 

and shrinking of microtubules [88]. Along with this characteristic of microtubules, they can 

also be cut by severing enzymes such as katanin, spastin, and fidgetin [89]. Of note, α- or β- 

tubulin each have several isotypes, the numbers of which vary across mammals. The isotype 

that becomes incorporated in a heterodimer can change the stability and function of 

microtubules, and changes in expression of isotypes are associated with the development of 

cancer and developmental disorders [90,91]. Although nothing is known about the 

specificity of α-tubulin isotypes in the heart, the isotypes of β-tubulin have distinct 

localizations within adult rat cardiomyocytes: βI-tubulin has scattered cytoplasmic 

distribution, βII associates with the outer mitochondrial membrane, βIII localizes to Z-disks, 

and βIV comprises the cytoskeletal microtubule network [92].

A third isoform, γ-tubulin, is a centrosomal protein that localizes to microtubule organizing 

centers (MTOCs) during cell division [93]. Our knowledge of MTOCs and γ-tubulin 

functions is largely the result of studies in mitotic cells. However, cardiomyocytes lose their 

replicative capacity shortly after birth, begging the question of what happens to γ-tubulin in 

the postnatal heart. During the postnatal period, MTOCs in mouse cardiomyocytes move 

towards the perinuclear space as centrosomes dissolve, promoting cell cycle arrest. 

Cardiomyocytes of newts and zebrafish, both species with enhanced cardiac regenerative 

capacity, instead maintain their centrosome integrity into adulthood [94]. Despite loss of 

centrosome integrity shortly after birth, there still may be roles for these structures and their 

associated proteins in the adult mammalian cardiomyocyte.

As previously mentioned, most of what we know about micro-tubules stems from studies in 

mitotic cells, where the major function of these structures is to facilitate the segregation of 

sister chromatids. With microtubules freed from these duties in post-mitotic cardiomyocytes 

(and with their MTOCs moved to the nuclear envelope) they are likely to have evolved a 

whole host of novel functions and duties in these cells, many of which remain to be 

explored. In line with this, it has been posited that the disbanding of the centrosome in the 

postnatal mammalian cardiomyocyte is partially due to a need for microtubules to serve as 

support structures to handle the increased hemodynamic stress on the adult heart [94].

3.1. Function and post-translational modifications of microtubules

Indeed, microtubules are important regulators of a cardiomyocyte’s ability to respond to 

shear stress, providing resistance against compression [95]. The shock absorbing function of 

microtubules is important to crossbridge cycling, as microtubule depolymerization with 

colchicine increases myocyte shortening and relaxation [96]. The in-creases in 

cardiomyocyte shortening and relaxation that occur after depolymerizing microtubules with 
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colchicine can be mimicked by blocking the detyrosination of microtubules [96], which 

occurs by cleavage of the C-terminal tyrosine on α-tubulin [97]. More heavily detyrosinated 

microtubules buckle and form sinusoidal patterns during contraction, whereas tyrosinated 

microtubules are straighter and more permissive to the sarcomere shortening. Detyrosinated 

microtubules also more readily associated with desmin intermediate filaments, suggesting 

that these two networks are interdependent in the mechanical modulation of cardiomyocyte 

stiffness [98].

Microtubules are subject to other post translational modifications such as phosphorylation, 

acetylation, and glutamylation. The majority of these occur on the C-terminal tails of α- and 

β-tubulin leading these regions to be considered “hotspots for chemical diversity” [99]. All 

of these modifications, in concert with detyrosination usually occur on fully polymerized 

microtubules. One exception is the phosphorylation of β-tubulin in an unincorporated dimer, 

which prevents its inclusion in microtubules. However, this phosphorylation occurs by 

cyclin-dependent kinase 1 during mitosis, so it is unknown if this phosphorylation event has 

a function in the non-dividing adult cardiomyocyte [100]. The phosphorylation of 

polymerized microtubules in cardiomyocytes is also not well understood, though it is known 

from other studies that microtubules become phosphorylated on the inside of their barrel-like 

structures [101].

Acetylation is unlike other tubulin modifications in that it occurs on the N-terminus of α-

tubulin at lysine 40 [102]. Strikingly, the acetylation of microtubules can be controlled by 

the activity of formins, discussed above as NEPFs that enhance actin polymerization. Re-

searchers found that expression of 13 of 15 mammalian formins were able to induce 

microtubule acetylation in HeLa and NIH3T3 cells [103]. This ability stems from the 

binding of G-actin monomers to the myocardin-related transcription factor (MRTF), which 

regulates the transcription of α-tubulin acetyltransferase 1 (αTAT1). Thus, when formins are 

abundant, the G-actin pool is small such that monomers are less likely to bind and inhibit 

MRTF. This results in the presence of more αTAT1 to enhance the acetylation of 

microtubules [104].

Glutamylation is another modification that can affect the functionality of microtubules, 

wherein a single molecule or chain of glutamate is added to the c-terminal tails of either α- 

or β-tubulin. The number of glutamates added to a tubulin subunit regulates the ability of 

spastin to sever the microtubule. The addition of chains of more than three to eight 

glutamates inhibits spastin activity, and can actually signal across adjacent microtubules to 

further inhibit severing [105]. To our knowledge, there is currently no literature on the 

function of spastin or microtubule glutamylation in cardiomyocytes. In addition to their 

ability to change the overall architecture of microtubules, many of the posttranslational 

modifications discussed above can disrupt or enhance the ability of motor proteins to move 

along microtubule, drastically changing the microtubule-based signaling network [101].

Microtubules also aid in tension sensing and contractility through their interaction with other 

components of cytoskeletal networks. Studies in recent years have begun to describe the 

interconnectedness between microtubules and intermediate filament and cytoplasmic actin 

networks in cardiomyocytes. However, research from the skeletal muscle field highlights just 
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how many layers there can be to the crosstalk between microtubules and other cytoskeletal 

elements. In skeletal muscle, dystrophin can bind to and prevent the polymerization of 

microtubules, despite being known as a protein that classically tethers cytoplasmic actin 

filaments to costameres [106]. In this subcortical costameric space, microtubules also 

interact with ankyrin-B. Ankyrin-B is a nexus that connects the sarcomere to microtubules 

via its association with dynactin-4 (a cofactor for microtubule motor dynein 1) [107], in 

addition to its previously mentioned role of linking to cytoplasmic actin via βII-spectrin.

Ankyrin-B, is in turn, targeted to the M-line in myocytes by the giant protein obscurin [108]. 

In skeletal muscle of obscurin-null mice, the M-line localization of ankyrin-B was lost, and 

this was accompanied by impaired microtubule and dystrophin organization, suggesting that 

obscurin is a nodal protein for crosstalk between cytoplasmic actin and microtubule 

networks [109]. Another layer to this interconnectedness was found through studies on the 

striated muscle of Caenorhabditis elegans. In these cells, obscurin binds to a ubiquitin ligase 

adaptor protein, MEL-26. This interaction decreases degradation of the micro-tubule-

severing protein, katanin, and leads to microtubule disarray and concomitant sarcomeric 

dysfunction [110]. In cardiomyocytes, the communication between microtubules and other 

cytoskeletal elements is likely to be no less complicated. Indeed, we know that obscurin is 

also critical in the heart, as several small isoforms of obscurin have been recently identified 

as mediators of cardiomyocyte adhesion and hypertrophy [111], and osbcurin mutations can 

lead to cardiomyopathies [112]. Furthermore, the body of data body of data in skeletal 

muscle discussed here suggests that it is important to look beyond the established functions 

of cytoskeletal proteins and consider the possibility of non-canonical cytoskeletal 

interactions and modifications in the heart.

3.2. Roles of microtubule-based transport in cardiac function

Proteins such as kinesins and dyneins serve as motors to transport cargo along microtubules. 

Kinesins are responsible for anterograde trafficking of cargoes, while dyneins move cargo in 

the retrograde direction. Segregation of separate pools of kinesins and dyneins occur with 

cyclical mechanical stress that aligns microtubules parallel to the axis of stretch in NRVMs. 

This is accompanied by the accumulation of dyneins near the nucleus and MTOC, while 

kinesins move towards the cell periphery [113]. Beyond this there is a paucity of 

cardiomyocyte-specific information on the function of these proteins, their interaction with 

various adaptors, and how they all work in concert to transport cargo. Inhibition of class I 

histone deacetylases (HDACs) was recently shown to stimulate the expression of Jun amino-

terminal kinase (JNK)-interacting protein-1 in cardiomyocytes. This protein, JIP1, known to 

regulate the transport of autophagosomes and mitochondria, in turn stimulates expression of 

KIF5A, a kinesin heavy chain family member, and its association to polymerized 

microtubules [114]. On the minus end of microtubules, dynein directly interacts with Kv1.5 

voltage-gated potassium channels, serving as an internalization mechanism for the channel 

[115].

The transport of mRNA throughout the cell occurs along the microtubule network. 

Microtubule associated protein 4 (MAP4) decreases the speed by which mRNAs are moved 

along microtubules in cardio-myocytes [1]. MAP4 may have a more general role in striated 
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muscle cell differentiation as a novel isoform of MAP4, oMAP4, was found to be critical for 

the elongation of myotubes during skeletal muscle cell development [116]. Microtubules are 

also responsible for the transportation and alignment of mitochondria. Nearly 30 years ago, 

β-tubulin was shown to label the outer mitochondrial membrane in cardiomyocytes [117]. 

Much more recently, a 20 kilodalton isoform of connexin 43 (GJA1–20k), which localizes to 

the interface between mitochondria and microtubules, has been shown to facilitate transport 

of mitochondria along microtubules [118]. Although those experiments were conducted in 

various non-contractile cell types, in cardiomyocytes specifically, GJA1–20k also stabilizes 

and increases the length of actin microfilaments. This stabilization is, in turn, needed for the 

proper orientation of microtubules towards the ends of cardiomyocytes so that full-length 

connexin 43 may be delivered to ICDs [119]. This is the first evidence of the ability of 

cytoplasmic actin’s ability to provide a roadmap for microtubules in the heart, and further 

highlights the interdependence of the different cytoskeletal networks. Notably, it is not only 

polymerized microtubules that can affect mitochondrial dynamics. The voltage dependent 

anion channel on the outer mitochondrial membrane can be blocked by the binding of 

dimeric tubulin, leading to a decrease in the respiration rate of heart mitochondria [120].

3.3. Microtubule dysfunction in cardiovascular disease

It is well-documented the cardiomyocyte microtubules and their associated proteins become 

dysregulated during various forms of cardiomyopathy. Perhaps the best studied incidence of 

microtubule dysregulation in the heart is the proliferation and densification of microtubule 

networks during hypertrophic cardiomyopathy [121]. Microtubule networks have been 

examined during other cardiomyopathies, such as tachycardia-induced dilated 

cardiomyopathy, but no changes in overall microtubule network density occurred [122]. 

During hypertrophic cardiomyopathy, the massive upregulation in microtubule network 

density is accompanied by increased expression of the microtubule binding protein MAP4 

[123]. It is the overexpression of MAP4 that causes the polymerization of microtubule 

dimers and not simply overexpression of tubulin isoforms βI or βIV [123]. Other groups 

have found that MAP4 itself becomes de-phosphorylated at serines 924 and 1056 during 

cardiac pathological hypertrophy, contributing to the densification of the microtubule 

network [124]. Contrastingly, another study reported increased phosphorylation of serines 

737 and 760 during pressure overload surgery in mice [125]. Clearly the phosphorylation of 

MAP4 is a complicated picture, and more studies are needed to understand the relative 

contributions of these phosphorylation sites to MAP4 and microtubule biology.

The posttranslational modifications of microtubules are also implicated in the development 

of cardiovascular diseases. The higher the degree to which microtubules are detyrosinated 

leads to increased myocyte stiffness and dysfunction [98]. Indeed, heavily detyrosinated 

microtubules are found in myocytes from failing human hearts, and suppressing this 

detyrosination allows for the restoration of contractility [126]. Changes in the acetylation of 

tubulin occur during several other forms of cardiomyopathy. In a mouse model of desmin-

related cardiomyopathy that features toxic protein aggregates, α-tu-bulin is hyperacetylated. 

Increasing expression of HDAC6, which deacetylates α-tubulin, enhanced aggregate 

formation, suggesting that higher levels of acetylated of α-tubulin are protective in desmin-

related cardiomyopathy. Supporting this was the finding that HDAC6 inhibition enhanced 
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autophagic flux in these hearts. The authors also observed increases in acetylated tubulin 

after voluntary exercise in mice, providing a physiological role for this modification in the 

heart [127]. Samples from human atrial fibrillation patients also displayed activation of 

HDAC6 as well as decreased acetylated and total tubulin levels [128]. The acetylation of 

tubulin is also thought to be a characteristic of diabetic cardiomyopathy. Cardiomyocyte 

microtubules from rats with streptozotocin-induced diabetes have enhanced stability and 

contractile dysfunction [129]. More recent data show that experimental induction of diabetes 

causes a downregulation of the deacetylase SIRT2, and an accompanying upregulation of 

acetylated α-tubulin, promoting the overall stability of cardiomyocyte microtubules [130].

Dysregulation of microtubules can lead to impaired trafficking of proteins that are essential 

for the proper function of cardiomyocyte structures and organelles. The remodeling of 

microtubules under heart failure conditions has been reported to cause mislocalization of 

mitochondria and concurrent aberrant intracellular calcium release [131]. Ischemia-

reperfusion injury also disrupts the association of βII-tubulin and mitochondria, causing the 

βII isoform to colocalize with α-actinin at Z-disks [132]. Stabilization of microtubules via 

paclitaxel treatment can rescue the mislocalization of connexin 43 that occurs in a mouse 

model of laminopathy that develops dilated cardiomyopathy [133]. However, microtubule 

stabilization does not always improve function (as seen in diabetes-induced cardiac 

dysfunction)—treatment with taxol can cause t-tubule remodeling and sarcoplasmic 

reticulum dysfunction due to aberrant localization of junctophilin 2 [134]. This 

mislocalization, nevertheless, can be rescued by expression of a dominant negative form of 

kinesin 1, suggesting that both microtubules and their motor proteins are critical to calcium 

handling in cardiomyocytes [134].

Microtubule-associated proteins that are traditionally described as having mitotic functions 

may also play important roles in heart disease, despite the fact that adult cardiomyocytes are 

terminally differentiated. Centromere protein F (CENP-F) interacts with microtubules and is 

key in directing the alignment of chromosomes during cell division [135]. Nonetheless, 

cardiomyocyte-specific genetic ablation of CENP-F causes progressive dilated 

cardiomyopathy. Underlying the dilation are a reduction in the number of ICDs, resulting in 

reduced coupling of cardiomyocytes, as well as an overall lack of proper microtubule 

architecture [136]. The same group has also identified a single nucleotide polymorphism in 

CENP-F that is associated with the development of systolic heart failure [137].

4. Intermediate filaments

This third group of cytoskeletal proteins is also critical to the maintenance of proper function 

in cardiomyocytes. Lamin and desmin intermediate filaments are by far the most well-

studied of these proteins due to their roles in desminopathies and laminopathies in humans. 

Recently though, research in the field has expanded to show important roles in the 

cardiomyocyte for lesser known intermediate filament proteins such as synemin and 

syncoilin [138,139]. We have highlighted some of the important interactions between 

intermediate filaments and the microtubule and cytoplasmic actin networks in the above 

sections; however, we have chosen not to include an in-depth exploration of intermediate 
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filaments here due to the recent publication of an excellent and thorough review by the 

Capetanaki group on the cardiac-specific functions of these cytoskeletal proteins [140].

5. Conclusions

Due to the complex nature of the cytoskeleton, it is difficult to cover every aspect of these 

structures, their function, and their associated proteins and motors in one review. However, 

we hope that we have highlighted some of the exciting new research emerging from the field 

of cardiomyocyte cytoskeletal dynamics. We have also attempted to underscore just how 

little is understood about cytoplasmic actin and microtubules in cardiomyocytes in 

comparison to other fields. This review hopefully has shed light on the abundant 

opportunities for further exploration that can lead to a more complete understanding of the 

likely specialized function of cytoskeletal networks in the unique cardiomyocyte.
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Fig. 1. 
Interactions and localizations of the major cytoskeletal proteins with other structures in the 

cardiomyocytes. Non-sarcomeric actin, microtubules, and desmin intermediate filaments all 

serve as linkages running from sarcomeric structures to intercalated discs and costameres. 

Microtubules and desmin also link nuclei to the sarcomere.
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