
Investigating the Role of Acetylated Tubulin on Microtubule
Dependent Mechanotransduction in Striated Muscle

Item Type dissertation

Authors Coleman, Andrew

Publication Date 2022

Abstract Mechanotransduction is critical to the maintenance and
development of striated muscle in response to a change in
workload. Mechanical sensors within muscle respond to muscle
movement to regulate EC coupling, gene expression, and signal
propagation. O...

Keywords Acetylation; Microtubules; Muscle Contraction; Muscle, Striated;
Mechanotransduction, Cellular; Tubulin; Muscular Dystrophies

Download date 19/05/2023 14:37:50

Link to Item http://hdl.handle.net/10713/19242

http://hdl.handle.net/10713/19242


 

 

Curriculum Vitae 
 

Andrew Coleman 

University of Maryland, Baltimore 

Department of Physiology 

andrew3633@gmail.com 

 

Doctor of Philosophy, May 2022 

 

EDUCATION 

2017-2022 Ph.D., Graduate Program in Molecular Medicine Biology 

University of Maryland, Baltimore – Baltimore, MD 

 

2013-2016 B.S., Cell Biology and Molecular Genetics 

  University of Maryland – College Park, MD 

 

RESEARCH EXPERIENCE 

2017-2022 Graduate Research Assistant 

  Mentor: Jonathan Lederer, MD, PhD; Chris Ward, PhD 

  University of Maryland, Baltimore – Baltimore, MD 

 

2015-2017 Undergraduate Research Assistant 

  Mentor: Caren Chang, PhD 

  University of Maryland – College Park, MD 

 

PUBLICATIONS 

Boyman, L., Coleman, A. K., Zhao, G., Wescott, A. P., Joca, H. C., Greiser, B. M., … 

Lederer, W. J. (2019). Dynamics of the mitochondrial permeability transition 

pore: Transient and permanent opening events. Archives of Biochemistry and 

Biophysics, 666, 31–39. https://doi.org/10.1016/j.abb.2019.03.016 

 

Joca, H. C., Coleman, A. K., Ward, C. W., & Williams, G. S. B. (2019). Quantitative 

tests reveal that microtubules tune the healthy heart but underlie arrhythmias in 

pathology. The Journal of Physiology. https://doi.org/10.1113/JP277083 

 

Li, D., Flores-Sandoval, E., Ahtesham, U., Coleman, A.,K., Clay, J. M., Bowman, J. L., 

Chang, C. (2020). Ethylene-independent functions of the ethylene precursor ACC 

in Marchantia polymorpha. Nature Plants. doi: 10.1038/s41477-020-00784-y.  

 

 

 



 

 

Grogan, A., Coleman, A. K., Joca, H., Granzier, H., Russel, M. W., Ward, C. W., & 

Kontrogianni-Konstantopoulos, A. (2020). Deletion of obscurin immunoglobulin 

domains Ig58/59 leads to age-dependent cardiac remodeling and arrhythmia. 

Basic research in cardiology, 115(6), 60. https://doi.org/10.1007/s00395-020-

00818-8 

Coleman, A. K., Joca, H. C., Shi G., Lederer, W. J., Ward, C W. (2021). Tubulin 

acetylation increases cytoskeletal stiffness to regulate mechanotransduction in 

striated muscle. Journal of General Physiol. doi: 10.1085/jgp.202012743. 

 

PRESENTATIONS 

Student Research Seminar Series March 2022; Baltimore, MD 

Invited Talk, "A Role for Acetylated Tubulin in Striated Muscle" 

 

UMB Molecular Medicine Student Seminar November 2021; Baltimore Maryland 

Invited Talk, "A Role for Acetylated Tubulin in Striated Muscle" 

 

Virtual European Muscle conference September 2021; Warsaw, Poland 

Invited Talk, "Microtubule Acetylation Regulates Striated Muscle 

Mechanotransduction"; Virtual European Muscle conference 

 

Biophysics conference February 2020; San Diego, CA 

Poster, “Microtubule Acetylation Regulates Striated Muscle Mechanotransduction” 

 

Interdisciplinary Training in Muscle Biology Retreat May 2019; Baltimore, MD 

Invited Talk, “Microtubule Acetylation Regulates Mechanotransduction in Striated 

Muscle” 

 

Biophysics conference March 2020; Baltimore, MD 

Poster, “Microtubule Acetylation Regulates Contractile Kinetics in Striated Muscle” 

 

18th Annual Plant Biology Symposium May 2017; College Park, MD 

Invited Talk and Poster, "The ethylene precursor, ACC, itself may serve as a novel plant 

hormone in the liverwort Marchantia polymorpha" 

 

RESEARCH AWARDS 

2020-2021 National Institute of Health (NIH) T32 Training Grant, Interdisciplinary 

  Training Program in Cardiovascular Disease 

 

2018-2020 National Institute of Health (NIH) T32 Training Grant, Interdisciplinary 

  Training Program in Muscle Biology 

 

 

 



 

 

Abstract 
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 Mechanotransduction is critical to the maintenance and development of striated 

muscle in response to a change in workload. Mechanical sensors within muscle respond to 

muscle movement to regulate EC coupling, gene expression, and signal propagation. Our 

lab has investigated the role of the cytoskeleton as a mechanosensor in striated muscle. 

Biophysical properties of microtubules (MTs) allow for mechanical energy created during 

sarcomere shortening to be transferred to the cytoskeleton network and associated proteins. 

Upon contraction or stretch, mechanical energy is transferred through the MT network to 

the membrane bound NADPH oxidase 2 (Nox2) to trigger a localized increase in reactive 

oxygen species (ROS) production that regulates calcium channels at the triad junction. This 

mechanotransduction pathway is regulated not only by the abundance of MT and Nox2, 

but also the biophysical properties of MTs. Post translational modifications to tubulin have 

various consequences to polymerized tubulin and create distinct subsets of MT populations 

within muscle.  



 

 

 While MT acetylation of lysine 40 within the lumen of polymerized MTs is 

abundant in muscle, little is known about its function in muscle. Recent investigations that 

explored the biophysical properties of MT acetylation in vitro have shown that acetylation 

increases the resistance of MTs to damage by repeated mechanical insults. Here we sought 

to investigate the role of MT acetylation in muscle mechanotransduction in health and 

disease. Using Pharmacologic and genetic strategies, we show that microtubules enriched 

in acetylated α-tubulin increase cytoskeletal stiffness and viscoelastic resistance. These 

changes slow rates of contraction and relaxation during unloaded contraction and increased 

activation oof Nox2 by mechanotransduction. Importantly, MT acetylation had no effect 

on tension produced during contraction of intact muscle enabling enhanced 

mechanotransduction without altering force production. Furthermore, we show that 

microtubule PTMs are elevated in heart failure, muscular dystrophy, and aging. These 

changes translated to excess mechanotransduction and are potential therapeutic targets to 

diminish oxidative stress associated with muscle disease. Together, these findings add to 

growing evidence that microtubules contribute to the mechanobiology of striated muscle 

and are detrimental muscle disease modifiers. 
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Chapter 1 

Microtubule Dependent Mechanotransduction in Striated Muscle 

 

1.1 Introduction to Excitation Contraction Coupling 

 The function of striated muscle is to generate forces to accomplish physical 

functions such as posture and locomotion of the musculoskeletal system and pumping of 

blood by the heart. These functions are underscored by the precise and coordinated 

contraction and relaxation of striated muscles which are governed by excitation contraction 

(EC) coupling which is illustrated by Richard Klabunde (Figure 1.1) (1).  

Striated muscle is activated by the rapid propagation of action potentials along the 

sarcolemma and throughout the transverse tubule (t-tubule) system of the muscle cell (2–

4). It is action potential depolarization that activates voltage-dependent calcium channels 

on the sarcolemma and in the t-tubule that initiate ryanodine receptor dependent calcium 

(Ca2+) release from sarcoplasmic reticulum (SR) in skeletal ryanodine receptors (RyR1) or 

cardiac RyR2 (5–9). 

Striated muscle contraction is initiated by the rapid elevation of cytosolic Ca2+ 

whose binding to troponin C (TN-C) on the actin thin filament initiates a confirmational 

change in tropomyosin (TM) to promote the binding of myosin and to actin and initiate its 

subsequent movement that results in sarcomere shortening (10–13). As Ca2+ remains 

elevated, the constant cycling of myosin cross-bridges continue sarcomere shortening and 

force generation. Relaxation is then initiated by a rapid decrease in cytosolic Ca2+ driven 

by the cessation of action potential activation that decreases SR Ca2+ release and the 

constant Ca2+ re-sequestration by the sarco-endoplasmic reticulum ATPase (SERCA) and 
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extrusion by the sodium calcium exchanger (NCX) (14, 15), yielding decreased cross-

bridge cycling and force production.  

While EC coupling is a sequential process and repetitive in nature, the rate of the 

cycle and the force produced by each contraction is dynamic. This variation is caused by 

changes in the workload demand. The mechanics of contraction and stretch define the 

function of striated muscle, but these mechanical events also activate mechanotransduction 

pathways that transiently regulate muscle contractility as well as long-term changes to 

metabolic, transcriptional, and translational events for muscle adaption to workload and 

repair.  

 

  

Figure 1.1: Schematic representation of excitation contraction coupling 

An action potential is shown propagating down the T-tubules in green (1). Voltage 

dependent activation of the dihydropyridine (DHP) receptor (2). Release of calcium from 

the SR into the cytoplasm (3) Calcium binds to TN-C causing a conformational change in 

TM. Actin is unmasked and interacts with myosin resulting in shortening of the cell (4). 

Calcium is pumped out of the cytosol by SERCA resulting in relaxation (5). Figure 

illustrated by Richard Klabunde. 
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1.2 Mechanotransduction 

Cells respond to a vast array of environmental stimuli including electrical, chemical, 

and physical signals. The ability of a cell to perceive mechanical energy and transfer it into 

chemical energy that can be utilized by a cell is known as mechanotransduction. There are 

many physiological functions that rely on mechanotransduction to adapt to changes in 

workload including bone growth, muscle hypertrophy, touch sensation and hearing. While 

these concepts have been known for a long time by observing bone and muscle loss in bed 

ridden patients, or muscle atrophy in astronauts coming back from space, the physiological 

mechanisms have just begun to be understood (16, 17). There are two components that 

participate in mechanotransduction pathways that enable adaptations within the cell to the 

environment. Mechanosensors physically sense the mechanical movement, while 

mechanopropagators utilize cellular signaling pathways to create a physiological change 

in response to mechanical movement. 

 

1.2.1 Mechanosensors 

First, is the mechanical sensor itself, which senses the mechanical cues and initiates 

the process of signal transduction. One of the primary forms that mechanosensors identify 

as are channels, due to their presence on cellular membranes. When a membrane is 

stretched or bent, channels integrated into the membrane experience deformations. Since 

channel conductance and selectivity is heavily dependent on structure, it makes sense that 

mechanical perturbation of the membrane can cause transient changes in ion current (18). 

Some of the most well-known mechanosensitive channels and the subject of the Nobel 

Prize for Physiology or Medicine in 2021 are Piezo channels which are present in many 
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tissues and conserved across species (19). Other well-known mechanosensitive channels 

are transient receptor potential (TRP) channels which are non-selective cation channels and 

are important to regulation of vascular tone (20, 21). However, when many TRP channels 

were transferred to a lipid droplet independent of the cellular environment, they failed to 

respond to mechanical stretch unlike Piezo channels (22). This suggests that TRP channels 

are not inherently mechanosensitive, but instead rely on some accessory proteins for 

activation, which is predicted to be the cytoskeleton. 

 In muscle there is an extensive a network of fibrous and connective protein that 

links the extracellular matrix to the organelles within the cell and even integrates into the 

nucleus. In striated muscle, the mechanical cues of contraction and stretch are transduced 

through the costamere; the specialized interconnected cytoskeletal network of 

microtubules, intermediate filaments, and actin filaments, that link the sarcomere through 

the membrane spanning integrins and dystrophin glycoprotein complexes (DGC) and to 

the extracellular matrix (i.e., collagen fibers, laminin). On the intracellular side, dystrophin 

and spectrin strengthen the connection between dystroglycan complex and other membrane 

proteins. Further into the cell, α-actinin and desmin anchor actin filaments required for 

shortening to the z line. The network then extends further into the nucleus through nesprins 

and lamins providing an extensive connected network throughout the cell. This is a 

noncomprehensive representation of some elements that allow the cytoskeleton to act as a 

mechanosensor (Figure 1.2) (23). It the cytoskeletal links to enzymes, ion channels and 

organelles (nuclei, lysosomes) that enable mechanical cues to generate 

mechanopropagation signals (ROS, nitric oxide (NO)), Ca2+, phosphorylation) to regulate 
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a host of pathways involved in muscle contractility as well as metabolic, transcriptional, 

and translational events for cell growth, metabolism, and repair. 

 

Figure 1.2: Representation of the cytoskeletal network in skeletal muscle 

Diagram depicting different elements of the cytoskeletal network in muscle. Reused with 

permission from (23). 
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1.2.2 Mechanopropagators 

Just as important to mechanotransduction as mechanosensors are the secondary 

components that comprise the signaling pathways that converts chemical energy into a 

physiological change. One of these pathways involves the mammalian target of rapamycin 

(mTOR) which is a serine threonine kinase, and it is extensively studied due to rapamycin’s 

effective inhibition of mTOR. It became of interest to the muscle field due to studies that 

show mTOR inhibition by rapamycin can prevent aging associated muscle loss (24). 

Though mTOR has never displayed intrinsic properties to sense mechanical stimuli, mTOR 

signaling has been shown to be responsive to muscle overload (25). When in its active 

phosphorylated form, mTOR activates a phosphorylation cascade starting with p70S6k 

which is known to activate transcription factors controlling protein synthesis, transport, 

and cell growth (26–28).  

 Another important factor in mechanopropagation in muscle is response to calcium. 

This makes sense as during contraction, the large rise in cytosolic calcium provides a great 

opportunity for cell signaling via calcium binding motifs (29). The importance of calcium 

as a second messenger in muscle and most other cell types has led to the discovery of 

eleven different EF-hand motifs (30). There is a vast set of research that has focused on 

calcium induced changes by calcium sensitive proteins including through CamKII, 

transcriptional changes through NFAT, protease changes through calpains, and many more 

canonical and non-canonical signaling cascades (31–33). It is important to realize that 

mechanotransduction relies on both the mechanosensor and mechanopropagator 

components. The sensor component provides the initial conversion to useable energy while 

the propagator amplifies the signal exponentially to allow a cellular response. While many 
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propagation pathways are associated with muscle weakness in disease, 

mechanotransduction cannot happen without the mechanical sensor. This makes 

understanding mechanosensors in muscle critical and an ideal upstream event in the 

mechanotransduction cascade for therapeutics. As such, the investigation into the role of 

cytoskeletal elements in mechanotransduction has exploded.  

 Working in striated muscle, our group discovered the mechanotransduction 

pathway linking the mechanics of stretch and contraction to the activation of NADPH 

Oxidase 2 (Nox2), a membrane bound reactive oxygen species (ROS) producing enzyme 

(details below). Central to this discovery were microtubules, enriched in tubulin post-

translationally modified by detyrosination, that regulated cytoskeletal stiffness and 

mechanotransduction by acting as mechanosensors. While evidence in heart and skeletal 

muscle showed mechano-elicited Nox2-ROS signals act as mechanopropagators targeting 

Ca2+ channels to regulate EC coupling, further works find this pathway conserved in 

smooth muscle, bone osteocytes, fibroblasts, and cancer cells where Nox2-ROS and 

Ca2+signals activated diverse downstream effectors. The work presented in this thesis 

extends the evidence for microtubules as regulators of mechanotransduction with published 

and preliminary evidence in support of tubulin acetylation as an independent regulator of 

microtubule mechanotransduction in striated muscle. 

 

1.3 Microtubules 

Diagrams such as figure 1.2 depict the complexity of the cytoskeletal network in 

muscle, but often overlook the functional significance of microtubules to the network. 

Microtubules are an integrated part of the cytoskeletal network that link to the membrane 
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at the DGC, to the sarcomere at the z-line, and to the nucleus (Figure 1.3) (34). Association 

of muscle diseases with remodeling of the microtubule network primed in depth 

investigation of microtubules as a potential mechanosensory element. 

 

Figure 1.3: Microtubules in the cytoskeletal network 

Diagram depicting the integration of microtubules into the striated muscle cytoskeleton 

network. Reused with permission from (34). 
 

 

1.3.1 Microtubule Structure 

 Microtubules are cytoskeletal elements in eukaryotic cells essential for 

organelle/vesicle transport, cell division, scaffolding, and mechanotransduction. (35–38). 

Microtubules are intracellular dynamic polymers comprised of α/β heterodimers. In 

humans nine different β-tubulin isotypes and ten different α-tubulin isotypes provide 

genetic redundancy and differential functions that are still being elucidated (39). Rather 
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than static structural elements, microtubules are dynamically unstable with microtubule 

density determined by the equilibrium of filament growth by polymerization and filament 

catastrophe by depolymerization (Figure 1.4B).  

 

Figure 1.4: Microtubule structure and dynamic instability 

 Microtubules form a 13 protofilament ring like tube comprised of α/β heterodimers (a). 

Polymerized tubulin undergoes catastrophe and rescue events that force elongation or 

collapse (b). Figure reused with permission from nature education (40). 

 

These dynamic instability, largely regulated by microtubule end-binding proteins, establish 

highly dynamic microtubules with lifetimes of 20 minutes or less, and a smaller population 

of more stable microtubules lasting up to 8 hours (41). It is these properties of microtubule 

dynamics that have been exploited by pharmacological compounds like Taxol (microtubule 
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stabilization) for inhibition of cell division in cancer and colchicine (microtubule 

destabilization) for potent anti-inflammatory activity in gout treatment (42, 43). 

Microtubules arise from organizing centers (MTOC) that, in most cells, are 

localized at the centrosome. However, due to the enormous size of muscle cells, 

microtubules also arise from specialized Golgi centers where tubulin dimers bind the λ-

tubulin ring complex to initiate elongation of the microtubule polymer (Figure 1.4A) (44). 

Once arising from the Golgi centers (45), microtubules binding to desmin at the z-lines, 

dystrophin, spectrin, and integrin at the sarcolemma, and nuclear pore complex proteins 

defining a highly ordered sarcomere and nuclear structure (Figure 1.5) (46, 47).  

  

 

Figure 1.5: Microtubule organization in straited muscle 

Confocal immunofluorescent image of microtubules (green) and nuclei (blue) in and 

isolated skeletal muscle fiber. 
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1.3.2 Microtubule Transport and Other Binding Partners 

 Microtubules are structural elements that enable directional transport of mRNA, 

proteins, vesicles, and organelles throughout the cell. Dynein motors move cargo towards 

the minus end of the microtubule where microtubules are nucleated, while kinesins move 

cargo towards the plus end of the microtubules which is more often the peripheral of the 

cell (48). Recent reports have elucidated the importance of microtubule transport in muscle 

to adaptive physiological responses, cell repair, and disease (49–51).  

In addition to motor proteins, microtubule associated proteins (MAPs) promote 

proteins binding in support of transport, localization, and signaling. For example, 

mitochondria binding to MAPs facilitate their positioning to contractile elements in muscle 

(52). Alternatively, tau protein binding to MAPs promotes microtubule stability to regulate 

density (53, 54). 

 

1.3.3 Microtubule Post-Translational Modifications Regulate Microtubule 

Structure and Function 

 Microtubule polymerization, catastrophe, protein interaction, and transport are all 

tuned by post-translational modifications (PTMs) to tubulin (54–58). Within the 

microtubule, α- and β-tubulin can undergo numerous post-translational modifications 

(PTMs) that impact the biophysical properties, structure, and function of the microtubule 

(59). Many PTMs are modifications commonly found on other proteins like 

phosphorylation, methylation, acetylation, and glycation. However, some are unique to 

tubulin such as detyrosination. Most of these modifications occur on the C-terminal tail of 

tubulin which extends away from the polymerized microtubule into the cytosol to allow 
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for interaction with microtubule associated proteins, while acetylation is the lone 

modification that occurs in the lumen (Figure 1.6) (60). 

 

 

Figure 1.6: Post-translational modifications to tubulin 

α-Tubulin and β-tubulin contain c-terminal tails that protrude from polymerized tubulin 

which allows accumulation of most PTMs. Acetylation is the lone modification that occurs 

in the lumen of microtubules. Figure reused with permission from (60). 

 

Discovery of the enzymes that regulate forward and reverse PTMs allowed for 

investigations into the consequences of microtubule modifications. For example, 

microtubule detyrosination, acetylation and polyglutamylation have been associated with 
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microtubule stability and are heavily involved during cell division (54, 59). Microtubule 

detyrosination and acetylation also regulate kinesin binding to microtubules (56–58). 

Acetylation and glycation are abundant in primary cilia revealing a possible role in 

polarization (54).  

Evidence that detyrosinated a-tubulin promoted the binding of tubulin to other 

cytoskeleton elements (i.e., MAP’s) to regulate microtubule -intermediate filament-actin 

interactions, made it an anticipated regulator of mechanotransduction and further linked 

tubulin as a contributor of mechanotransduction. 

 

1.3.4 Tubulin as a Mechanosensor 

 Microtubules are an integral part of the cytoskeleton that facilitates the transduction 

of mechanical signals between the surface membrane, contractile filaments, and nuclear 

membrane (61, 62). Perhaps increasing the importance of microtubules to 

mechanotransduction is the fact that they directly respond to mechanical cues. It has been 

known for many years that microtubules have physical properties that allow them to bend 

in cells (63). This led to the hypothesis that microtubule can buckle and bear load in 

contracting myocytes. Indeed, the bending of microtubules in live cells was observed by 

live cell fluorescent imaging in contracting cardiomyocytes (64, 65). The buckling occurs 

at each sarcomere due to anchoring points that connect microtubules to the contracting z-

lines (Figure 1.7) (65). This provides an opportunity for microtubules themselves to 

transmit mechanical stimuli from a contraction into a conformation change to a protein 

tethered to the microtubule, and relay that mechanical stimuli through the rest of the 

cytoskeletal network to activate separate mechanotransduction pathways.  
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With evidence implicating microtubules as an initiation point for 

mechanotransduction, our group began investigation into the role of microtubule 

dependent mechanotransduction in striated muscle. 

 

 

Figure 1.7: Microtubules buckle during contraction of straited muscle 

Microtubules (green) connected to the z-line bend during contraction of muscle. From P. 

Robison, M. A. Caporizzo, H. Ahmadzadeh, A. I. Bogush, C. Y. Chen, K. B. Margulies, 

V. B. Shenoy, B. L. Prosser, Detyrosinated microtubules buckle and bear load in 

contracting cardiomyocytes. Science. 352 (2016). Reprinted with permission from AAAS.  

 

1.4 Microtubule Dependent Mechanotransduction 

 In straited muscle repeat contraction and stretch of skeletal muscle or diastolic 

filling of the heart provide ample means for mechanical signals. Modifications to previous 

technology resulted in a single cell stretch apparatus that can simulate physiological stretch 

of isolated cardiomyocytes or skeletal muscle fibers to further mechanotransduction 

research (Figure 1.8) (66).  
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Figure 1.8: Single myocyte stretch apparatus 

Single skeletal muscle fibers or cardiomyocytes are attached to glass rods by ECM. 

Movement of the glass rod is controlled by a piezo to stretch the cell at precise lengths. 

 

 

1.4.1 Stretch Induced Reactive Oxygen Species and Calcium Sparks are 

Microtubule Dependent 

Early works by our group in heart were motivated by the discovery that 

microtubules were essential for the stretch dependent activation of Ca2+ sparks (67),  

elementary Ca2+ release events in the heart from clusters of RyR2 in the SR (68, 69). In this 

work, the targeted reduction of the microtubule network with colchicine (microtubule 

depolymerizer) was solely sufficient to reduce stretch dependent Ca2+ spark activation (67). 

In the search for mechanisms by which microtubules could rapidly activate RyR2, 

our group focused on evidence that oxidation of RyR by reactive oxygen species (ROS) 

from NADPH Oxidase 2 (Nox2) was sufficient to rapidly and reversibly regulate RyR 

activity (70). Nox2 is a complex of a catalytic (gp91phox) and regulatory subunits (p47phox, 

p67phox, p40phox , Rac1) that creates superoxides at the membrane of cells. It is activated by 



 

16 

 

both ligands (e.g., angiotensin II, growth factors, cytokines) and mechanical/contractile 

stress (71, 72). Nox2 was thought a strong candidate for a rapidly activating RyR by 

mechanotransduction given reports of its potent activation of RyR1, its location in the 

sarcolemma and T-tubule, and Rac1 (Ras-related C3 botulinum toxin substrate) containing 

a microtubule binding domain (70, 73, 74). Evidence that pharmacologic (gp91ds-TAT) and 

genetic (Nox2-/- mouse) inhibition ablated stretch induced ROS and Ca2+ channel 

activation in heart and skeletal muscle implicated Nox2 as the source of ROS (70, 75). 

Interestingly, the amount of ROS and calcium sparks produced were graded with amplitude 

and frequency of stretch suggesting that this mechanotransduction pathway is tuned by 

workload demand (76). The significance of these findings in summary is the identification 

of a microtubule dependent mechanotransduction pathway that cumulates in the increase 

of intracellular ROS and calcium (Figure 1.9). 
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Figure 1.9: Diagram of localized microtubule dependent mechanotransduction 

Mechanical signals initiate movement of the microtubules within striated muscle that is 

relayed to Nox2 on the membrane. Localized production of ROS moves across the 

membrane causing oxidation of RyRs and release of calcium from the Junctional SR. This 

figure was made with Biorender. 

 

 

1.4.2 Microtubule Detyrosination Tunes Mechanotransduction 

Having established microtubules essential for the mechanoactivation of Nox2, 

mechanisms were sought to elucidate their further regulation mechanotransduction. As 

microtubules are the initiator of this Nox2-ROS pathway due to their role as the 

mechanosensor, modifications to microtubules became an attractive target to investigate. 
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Cells can sense the rigidity of the extracellular environment and adapt their own stiffness 

to regulate mechanotransduction pathways (77). The biophysical properties of microtubules 

are what enables them to sense and transmit mechanical energy, so structural modifications 

that altered microtubule stiffness were identified. Detyrosination, a PTM to α-tubulin, 

occurs by the removal of the terminal tyrosine on the c-terminal tail by either the Vasohibin 

1 (VASH1) or Vasohibin 2 (VASH2) forming a complex with small vasohibin binding 

protein (SVBP) (78). Conversely, free tubulin can be tyrosinated by Tubulin-tyrosine ligase 

(TTL) (79). Detyrosination of microtubules has been shown to prevent collapse of tubulin 

and increase connectivity to other cytoskeletal elements consequently leading to an 

increase in connectivity of the mechanical signal transmission network (58, 80, 81). These 

findings were expanded when detyrosinated tubulin was shown to bind desmin at the z-

line leading to buckling consistent with the sarcomere pattern in cardiomyocytes (65). 

 Investigation into the effect of microtubule detyrosination on cytoskeletal stiffness 

revealed that detyrosination increases stiffness measured by atomic force microscopy and 

unloaded shortening of skeletal muscle fibers and cardiomyocytes (82). Measures of the 

downstream components of the microtubule dependent mechanotransduction pathway 

revealed that stretch and contraction induced ROS production was elevated by microtubule 

detyrosination. Stretch dependent spark rate from ryanodine receptors was elevated in 

cardiomyocytes in addition to calcium entry from outside the cell in skeletal muscle fibers 

through stretch activated channels (SACs) (82). This suggest that additional sarcolemma 

calcium channels are oxidized by stretch dependent ROS. The overall findings 

demonstrated that microtubule dependent mechanotransduction can be tuned by 

microtubule PTMs to adapt to needs of calcium and ROS in the cell. 
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1.5 Microtubule Dependent Mechanotransduction as a Negative Disease Modifier 

A chronic excess in ROS and Ca2+ have been associated with many muscle diseases 

including cardiovascular disease, atrial fibrillation, muscular dystrophies, and aging 

associated sarcopenia (83–86). Observed increase to detyrosinated tubulin and microtubule 

densification in disease led to the investigation of tubulin and its PTMs as a disease 

modifier by promotion of oxidative stress and excess Ca2+ through the forementioned 

mechanotransduction pathway. 

 

1.5.1 ROS and Calcium as a Second Messenger 

ROS take on many forms in the cell and interact with biological macromolecules 

including lipids, proteins, and DNA altering their function (87–92). The physiological 

consequences of oxidation reactions in healthy muscle can modulate blood supply, glucose 

uptake, contraction force, resistance to fatigue, and protein synthesis.(93–98). However, in 

disease, ROS has been shown to cause muscle atrophy, mitochondrial dysfunction, and 

neuromuscular degeneration (99–101).  

 Similar to ROS, calcium also acts as a second messenger and is irreplaceable to the 

contractile function of muscle. Calcium is the activator of actin and myosin interaction 

essential for muscle function, but it also plays a role in tuning the sensitivity of thin and 

thick filaments (102, 103). Energy metabolism is also highly regulated by calcium as ATP 

synthesize is dependent on calcium levels in the mitochondria (104). Finally, calcium can 

induce transcriptional changes in the cell through calcium sensing transcription factors 

discussed in calcium as a mechanopropagator. However excess calcium leads to 

maladaptations associated with heart failure and muscle degeneration. 

 



 

20 

 

1.5.2 Muscular Dystrophy 

Muscular dystrophy is an x-linked recessive disease that causes muscle 

degeneration in young boys with greater severity in proximal muscles. Increasing inability 

to walk and support movement causes diminishing quality of life, and eventually damage 

of the diaphragm and heart leading to premature death. The disease is caused by the lack 

of dystrophin expression at the membrane of striated muscle due to various genetic 

mutations (105). However, at birth there are no muscle defects in individuals with a 

mutation and there is variability in disease severity; both of which suggest there are 

additional disease modifiers that drive progression of pathophysiology (106). The disease 

has long been associated with aberrant calcium and ROS signaling and increase in stretch 

induced ROS has been observed (107, 108). Additionally, the genetic absence of dystrophin, 

a microtubule binding protein, leads to the disorganized microtubule network that densifies 

with disease progression (61, 81). One of the major phenotypic hallmarks of muscular 

dystrophy is the susceptibility to eccentric contraction induced injury, which is associated 

with excess ROS and calcium (109, 110). These findings primed the investigation into the 

role of microtubule dependent mechanotransduction in muscular dystrophy. 

The disease is modeled by the mdx mouse that undergoes degeneration to muscle 

similar to humans. Protein quantification of components in the microtubule dependent 

mechanotransduction pathway revealed that multiple components of the Nox2 complex 

were upregulated and α-Tubulin, β-Tubulin, and detyrosinated tubulin were all elevated in 

mdx compared to control mice (75). Immunofluorescent staining of the microtubule 

network revealed that increases in tubulin protein abundance led to an increase in the 

microtubule density, and this dense network was resistant to microtubule depolymerization 
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(75). These changes led to an increase in stretch active ROS production through Nox2 and 

calcium influx through stretch activated channels. This was a significant finding because 

there was low stretch activated ROS in WT animals showing that the redox buffering 

capacity can handle the excess ROS, but in disease stretch activated ROS adds to the 

oxidative stress. Pharmaceutical reduction in the microtubule network by colchicine or 

inhibition of microtubule detyrosination by dimethylamino-parthenolide (LC1) showed 

protection of mdx mice to eccentric contraction highlighting the importance of 

microtubules and their PTMs to mdx disease progression (75, 82). 

The finding of elevated microtubule dependent ROS production was expanded to 

the dysferlin model, which is a related dystrophy model caused by mutations in a different 

cytoskeletal protein. In the mouse model for dysferlinopathy, microtubule density and 

Nox2 were elevated leading to an increase in stretch dependent ROS (111) which supported 

the concept of microtubule and Nox2 alterations as a conserved disease modifier in skeletal 

muscle disease. 

 

1.5.3 Heart Failure 

Changes to microtubule dependent mechanotransduction observed in dystrophic 

skeletal muscle were expanded further into the heart. In the mdx model, the cardiac 

phenotype is not as symptomatic as seen in humans. However adult mdx do develop 

cardiomyopathy and associated fibrosis. In cardiomyocytes isolated from mdx mice tubulin 

expression, microtubule density, detyrosinated tubulin, and Nox2 were all elevated. These 

changes were again associated with increases in stretch induced calcium influx (112). 

Excess calcium in cardiomyocytes can lead to calcium waves and non-uniform contraction 
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that contribute to an arrythmia promoting environment. Reduction of detyrosinated tubulin 

resulted in a reduction in calcium waves in-vitro. Challenging mdx mice with high levels 

of β-adrenergic stimulation in-vivo is highly lethal due to arrythmias which was prevented 

by reduction of detyrosinated tubulin (82).  

Works by others have shown that microtubules are heavily involved in hypertrophic 

cardiomyopathy in humans. Proteomic analysis revealed that hearts with varying degrees 

of disease severity had upregulation of structural components of the cytoskeleton including 

intermediate filaments, tubulin isoforms, detyrosinated tubulin, and microtubule associate 

proteins (113, 114). These changes were correlated with hypertrophic remodeling of the 

hearts and loss of ejection fraction in-vivo. Suppression of detyrosinated tubulin in-vitro 

normalized stiffness, contraction velocity, and relaxation velocity of isolated 

cardiomyocytes to a control level (113, 114). Follow up studies showed that hypertrophy is 

dependent on microtubule transport to facilitate directed growth (51). 

Taken together, skeletal muscle and heart show similar disease dependent changes 

to microtubule density, levels of detyrosination, and microtubule dependent 

mechanotransduction. While these similarities suggest these elements are for mitigating 

disease pathology, they also suggest that common mechanisms drive their dysfunction. 

 

1.5.4 Inflammatory and Redox Stress as Mechanisms for Microtubule 

Maladaptation in Disease 

Inflammation is a common driver of skeletal muscle pathology in muscular 

dystrophy and in the failing heart. The inflammatory cytokines angiotensin II and 

transforming growth factor beta (TGF-beta) have been shown to promote microtubule 
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densification and level of detyrosination (111, 115). Other works show that the microtubule 

densification is sensitive to oxidative stress, potentially by enzymes that regulates tubulin 

PTMs being sensitive to redox regulation (116). In muscle diseases where chronic 

inflammatory and oxidative stress is intrinsic to the disease pathology, this likely drives a 

feed forward loop of microtubule alterations that promotes more Nox2-ROS and Ca2+ 

stress. 

 

1.6 Microtubule Acetylation  

The combination of the importance of microtubule dependent mechanotransduction 

in healthy physiology and disease modifying pathophysiology, with regards to 

detyrosination, provoked the questioning of additional regulatory elements of microtubule 

dependent mechanotransduction. Reports that acetylated tubulin was linked to 

mechanotransduction in neurons marked microtubule acetylation as a potential regulator 

of mechanotransduction of muscle (117, 118). Studies showing Microtubule acetylation was 

also elevated in conjunction with detyrosination in heart failure and muscular dystrophy 

were intriguing to investigate as a therapeutic target (119, 120). Pan-HDAC inhibitors that 

regulate the level of acetylated tubulin showed varying effects on disease progression (119, 

121, 122). However, the mechanistic regulation and physiological consequences of 

microtubule acetylation have not been elucidated. Surprisingly, tubulin acetylation is 

relatively unstudied in striated muscle which inspires the investigation of acetylated tubulin 

in heart and skeletal muscle as a regulator of Nox2-ROS.  

Acetylation of proteins is a common PTM that adds an acetyl (CH3CO) group to 

the protein, often on lysine residues. This can neutralize the charge of the lysine residue, 
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disrupting salt bridges and interactions with biological macromolecules. There are many 

identified sites of tubulin acetylation, but most have none or little functional investigation. 

The one acetylation site on microtubules that has received extensive investigation is 

acetylation of lysine 40 (K40) of α-Tubulin which is located in the lumen of the 

microtubule (123, 124).  

 

1.6.1 Enzymatic Regulation of Tubulin acetylation 

Microtubules are acetylated by the addition of an acetyl group from acetyl-CoA to 

alpha tubulin by alpha tubulin acetyltransferase1 (αTAT1) (125). The removal of 

acetylation is facilitated by histone deacetylase 6 (HDAC6) or sirtuin 2 (SIRT2) (126, 127). 

α-Tubulin is more accessible as a dimer, but αTAT1 preferentially acetylates polymerized 

tubulin due to interactions with multiple tubulin subunits stabilizing the reaction (118). The 

location of K40 within the lumen poses and interesting question of how regulatory enzymes 

gain access to the site of modification. There are many observations that show 

accumulation of microtubule acetylation at the end of the tube (128). This make sense from 

a diffusion perspective as there is lots of available substrate and the enzymatic reaction is 

slow resulting in a stochastic acetylation from end to middle (129). However, others have 

shown that microtubule acetylation occurs throughout the microtubule and that αTAT1 

gains access to the lumen through the ends and cracks in the microtubule lattice (130). 

Variation in results likely support multiple modes of access that are dependent on 

environmental damage to microtubules allowing access and end binding protein 

abundance.  
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 HDAC6 received its name due to structural similarities to other histone 

deacetylases. However, due to its charge structure in the catalytic site, it is unlikely to 

interact with DNA. Additionally, HDAC6 is a primarily cytosolic protein and was even 

found to localize with microtubules in cells (131–133). Opposite of αTAT, HDAC6 

preferentially acetylates tubulin dimers (151). This enables the association of long-lived 

microtubules with acetylation because they usually need to be depolymerized to be 

deacetylated. SIRT2 is also localized to the cytosols and colocalizes with tubulin (126). 

Despite results showing that SIRT2 is a tubulin specific deacetylase, the investigations into 

its role are trailing αTAT and HDAC6. Perhaps this is due to some results finding that 

SIRT2 KO had no impact on tubulin acetylation in some tissues unlike αTAT and HDAC6 

KOs (135–138). Despite these findings, there is evidence that SIRT2 and not HDAC6 plays 

a role in acetylation during diabetic cardiomyopathy suggesting an environmental 

regulation of SIRT2 mediated deacetylation (139). 

 

1.6.2 Environmental Causation of Tubulin Acetylation 

 The intrinsic level of acetylation is dependent of the equilibrium between 

abundance and activity of αTAT, HDAC6, and SIRT2. Additionally, the longevity of 

microtubules and substrate availability enable acetylated tubulin accumulation. αTAT 

catalytic activity can be increased TGF-β-activated kinase 1 (TAK1) which binds to and 

phosphorylates αTAT (140). High salt, glucose, and hydrogen peroxide treatment of cells 

showed an increase in acetylated tubulin (116, 141, 142). This make αTAT sensitive to 

inflammatory pathways and ties regulation of acetylated tubulin to oxidative stress and 

metabolism. HDAC6 is also susceptible to oxidative stress with its activity being 
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suppressed from S-nitrosylation (143). Sirt2 is tied to metabolism with its activity reliant 

of nicotinamide adenine dinucleotide (NAD+); depletion of NAD+ created increased levels 

of acetylated tubulin (144). High metabolic flux also increases the availability of acetyl-

CoA to be used as substrate for reaction with microtubules. With many different 

mechanisms leading to changes in enzymatic activity and substrate availability, it is 

important to understand the crosstalk these enzymes have with additional signaling 

pathways. 

 The specificity of tubulin acetylation regulating enzymes varies greatly. αTAT is 

likely extremely specific due to increased activity when bound to proliferated tubulin 

versus tubulin dimers and the fact that the substrate binding pocket is basic, making it 

unlikely to interact with histone proteins (145). Very few binding partners of αTAT1 have 

been identified and site-specific acetylation of them has not been investigated. HDAC6 is 

involved in a myriad of cell processing including cell motility, inflammation, protein 

degradation through interaction and deacetylation of many proteins (146). Similarly, SIRT2 

plays a role in diverse cellular functions including metabolism, redox regulation, and cell 

division (147). Both αTAT1 and HDAC6 have also shown regulation of microtubules 

independent of their PTM modifying functions. Due to their ability to bind microtubules, 

both enzymes regulate microtubule dynamic instability similar to how microtubule 

associated proteins function (148, 149). However, the primary attribution to functional 

studies have been their role in tubulin acetylation 
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1.6.3 Consequences of microtubule acetylation 

 The observation that increases in acetylated tubulin correlates with long lived 

microtubule led many to believe that there were stability consequences associated with 

acetylation of microtubules. However, in-vitro work has shown the opposite in that 

acetylation promotes shrinkage of microtubule (150). Although tubulin properties in-vitro 

have not translated well to in-vivo due to microtubule association with other proteins 

regulating their properties. In-vivo studies have shown that tubulin modification have no 

impact on microtubule stabilization (151). 

 With regard to acetylated tubulin interacting with other proteins, investigators 

hypothesized the tubulin lattice would prevent interaction. However, studies have now 

shown that proteins interact with acetylated tubulin by small changes induced on the 

tubulin lattice structure or proteins reaching through the tubulin lattice. Studies have found 

that acetylated microtubules interact with NCX, H+ ATPase, and Ca2+ ATPase by binding 

to and inhibiting channel function (152). Reports showing that membrane acetylation can 

be locally regulated demonstrate great importance on channel regulation and changes in 

membrane function due to tubulin acetylation (153). 

 It is not surprising that microtubule transport is also influenced by microtubule 

acetylation. Binding of kinesin-1 and tubulin bundles that enhance motility are increased 

by acetylated tubulin (56, 57). This mechanism has increased the transport of vesicles and 

mitochondria and has displayed extreme importance in the neuron axon due to the length 

of transport (154–157). These studies show the importance of acetylated tubulin in neuronal 

disorders like Charcot–Marie–Tooth and Huntington’s disease and are potential 

therapeutic options to normalize axonal growth (157, 158). These neuronal associations are 
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in line with whole organ structural abnormalities observed in the brain of αTAT1 KO mice 

(137).  

These degenerative diseases are also associated with deficits in autophagy. During 

cell stress, damaged organelles and proteins are sequestered into vesicles and transported 

to the lysosome for degradation. Microtubule acetylation was shown to be implemental for 

fusion of autophagosome to lysosomes enabling improved autophagic flux (159, 160). This 

is especially important in muscle where autophagy is an important mediator of repair and 

part of the adaptive response to disease. Moreover, in eccentric injury from downhill 

running and proteotoxicity in heart failure, acetylated tubulin regulated autophagic flux 

(161, 162). The combination protein interaction, transport, and autophagic flux show that 

microtubule acetylation has a broad impact on cellular functions conserved across all cell 

types. Interestingly, there is recent evidence that microtubule acetylation alters microtubule 

biophysical properties creating alterations in mechanotransduction. 

 

1.6.4 Microtubule acetylation and Mechanotransduction 

Initial evidence for tubulin acetylation regulating mechanotransduction came when 

an orthologue of αTAT1 was identified in a screen of genes necessary for touch sensation 

in Caenorhabditis elegans (163). Subsequent evidence in the same species identified 

acetylated tubulin was required for the proper function of touch receptor neurons (118). 

Later work identified tubulin acetylation essential for touch and pain sensation in mice 

(117). Physiological measurements in the αTAT1 KO mouse showed reduced action 

potential frequency and latency of response in sensory neurons. There was no change in 

the gross morphology of the sensory system including number of innervated nerve endings, 
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amount of myelination, or axonal growth characteristics. These cells also lost adaptability 

to higher stimuli frequency, showing microtubule acetylation’s integral role neuronal 

perception. 

This demonstrated the loss in ability to translate mechanical forces involved in 

touch stimuli into a physiological response. Direct mechanical prodding of individual 

neurons showed acetylated tubulin was required for channel current activation identifying 

them as the mechanosensor. Microtubule acetylation was then related to the viscoelastic 

resistance at the neuron membrane which shows changes in the level of acetylated tubulin 

correlates to changes in cell stiffness (117). This enabled stiffness measures to be used as a 

predictor of mechanotransduction, but the exact mechanism of how microtubule 

acetylation regulates stiffness would be identified in-vitro. 

One of the big advantages of in-vitro studies is a greater ability to manipulate 

acetylated tubulin. Using extracts of brain tubulin and regulatory enzymes, pure tubulin 

populations of <1% acetylation and >96% acetylation can be created. Observations of 

tubulin self-assembly saw that acetylated tubulin had deficits in assembly compared to a 

non-acetylated control, which led to predictions of altered protofilament interactions (150). 

Using a fluorescence resonance energy transfer (FRET) based sensor, lateral interactions 

of tubulin protofilaments could be measured and showed that lateral contact was reduced. 

During bending of microtubules, lateral interactions regulate inter-protofilament sliding 

and permit a certain degree of bending (164).  

To measure the influence of acetylated tubulin on flexibility, microtubule seeds 

were grafted onto a plate and subjected to lateral fluid flow causing bending of the 

microtubule. Based on the curvature of the microtubule subjected to a known lateral force, 
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the persistence length can be calculated. Acetylated microtubules showed a smaller 

persistence length indicating an increase in flexibility. When microtubules bend, they 

accumulate microdamage in the tubulin lattice eventually leading to breaking of the 

microtubule (165). This was demonstrated with the fluid flow system in-vitro when 

repetitive flow cycles decreased the persistence length of non-acetylated microtubules with 

each cycle indicating accumulation of structural damage. Interestingly, the acetylated 

microtubules had no drop in persistence length showing they had not accumulated damage 

(150). This was expanded by placing stationary beads in the path of the microtubule bending 

causing them to break during fluid flow. Acetylation of the microtubules extended the time 

needed to see breakage of the microtubule, again showing resistance to structural damage 

(166). The conclusions of these studies are that acetylation of tubulin increases the flexural 

rigidity of microtubules, or the resistance to repetitive strain. 

Cryo-EM structures confirmed that acetylation reduces the lateral interaction of 

tubulin when polymerized. K40 resides on a flexible loop that extends into the lumen of 

the microtubule, interacting with other tubulin components through formation of salt 

bridges (167). Acetylation of tubulin reduces the range of motion of the loop subsequently 

reducing the number of lateral interactions and in turn increasing the flexibility. The 

structural ramification of tubulin acetylation was once again seen with increase 

mechanotransduction from touch and sound signals in drosophila and summarized in a 

depiction showing inhibition of mechanical energy through broken microtubules (Figure 

1.10) (168).  

The impact of microtubule acetylation in neurons has been well studied, but the 

influence of microtubule acetylation in muscle is unknown. The increase of flexural rigidity 
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caused by acetylation of tubulin is particularly interesting with regard to muscle where 

repetitive contraction of the heart and use of skeletal muscle results in constant bending of 

microtubules. Additionally, enzymes and substrates responsible for microtubule 

acetylation are regulated by signals often seen in muscle like inflammatory cytokines, 

oxidative stress, and metabolic flux. This provides a great opportunity for dynamic changes  

 

Figure 1.10: Transmission of Mechanical Signals 

Microtubule acetylation prevents breaks allowing transmission of mechanical energy 

through the microtubule to RyRs and stretch activated channels or components of the 

cytoskeleton. Adapted from (168). 
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in tubulin acetylation caused by changes in workload that can tune mechanosensitive 

responses and regulate muscle physiology. Excess in mechanotransduction has been linked 

to diseases modification of muscular dystrophy and heart failure making acetylated tubulin 

a potential therapeutic target. Here we investigate the role of acetylated tubulin on 

microtubule dependent mechanotransduction in striated muscle. 
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Chapter 2 

Tubulin acetylation increases cytoskeletal stiffness to regulate 

mechanotransduction in striated muscle 

This chapter was published as a research article, "Tubulin acetylation increases cytoskeletal 

stiffness to regulate mechanotransduction in striated muscle" (Journal of General 

Physiology, 2021) in which I served as first author. The manuscript was modified to 

include relevant studies not submitted to the original research article found in JGP. 

 

2.1 Introduction  

Microtubule binding to actin, intermediate filaments, and protein cytolinkers 

regulates cytoskeletal mechanics and mechanotransduction (70, 75, 169, 170). In disparate 

cell types, microtubule mechanotransduction through NADPH Oxidase 2 (Nox2) 

dependent reactive oxygen species (ROS) was first identified in striated muscle and 

confirmed in disparate cell types. Evidence in striated muscle shows disease-altered 

microtubules contribute to a pathological increase in cytoskeletal mechanics (70, 75, 82, 

171–173) and mechanotransduction (70, 75, 82) that underscores an increased susceptibility 

to contraction induced injury in skeletal muscle and a predisposition to arrhythmic events 

in the heart (82). 

 Microtubules are dynamic polymers of α-β protein dimers with their post-

translational modification by detyrosination (deTyrMT) or acetylation (acetylMT) 

increasing filament longevity and binding (55, 60, 174, 175). While deTyrMT and acetylMT 

are evident in healthy cardiac and skeletal muscle, both are dramatically elevated in 

elevated in disease. Recent works have implicated deTyrMTs for regulating striated muscle 
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myocyte mechanics and mechanotransduction and for its excess in disease (65, 82). Despite 

evidence in neurons that acetylMTs are a positive regulator of cytoskeletal mechanics and 

mechanotransduction (117), recent work in cardiomyocytes suggests a suppressive effect 

(176). In any case, the independent role of α-tubulin acetylation on cellular mechanics and 

mechanotransduction has yet to be defined. Here we sought to determine the independent 

role of acetylMTs on cytoskeletal mechanics and mechanotransduction in striated muscle.  

 

2.2 Materials and Methods 

Animal Models and Cell Preparation: Adult C57/BL6 Mice (12-24 weeks) were used to 

isolate cardiomyocytes and Flexor Digitorum Brevis (FDB) fibers. For cardiomyocyte 

isolation, mice were heparinized to prevent clotting during isolation followed by 

anesthetization with isoflurane 3%. Whole hearts were excised, placed in ice cold cell 

isolation buffer (CIB) [130 mM NaCl, 5.4 mM KCl, 0.5 mM MgCl2•6H2O, 0.33 mM 

NaH2PO4, 10 mM glucose, 25 mM HEPES, 10 mM taurine] + 200µM EGTA (CIB-

EGTA), and cannulated through the aorta. Retrograde perfusion of hearts was performed 

with CIB-EGTA for 3 min and then for 4 min in CIB supplemented with enzymes (1 mg/ml 

collagenase (Worthington), 0.06 mg/ml trypsin (Sigma), and 0.06 mg/ml protease (Sigma) 

at 37 ⁰C. Ventricular tissues were minced followed by additional digestion with enzymes 

for 4 min at 37 ⁰C. Myocytes were transferred to normal Tyrode's solution (NT) [130 mM 

NaCl, 5.4 mM KCl, 0.5 mM MgCl2•6H2O, 0.33 mM NaH2PO4, 5 mM glucose, 5 mM 

HEPES], dispersed by trituration with a Pasteur pipette, and ultimately stepped up to 

physiological calcium in three increments to 1.8 mM CaCl2 in NT. FDBs were digested 

overnight in DMEM 1mg/mL collagenase A followed by gentle trituration to obtain single 
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cells that were placed in DMEM + 10% FBS and used within 8 hours (82). Cells were 

treated with 10µM Tubacin or vehicle (DMSO) for 2 hours.  

 

Western Blots and Immunofluorescence Staining: Isolated cells lysates were run on a 

polyacrylamide SDS-gel. Protein was transferred to a nitrocellulose membrane and 

blocked (5% milk). Membranes were stained with Ponceau for total protein normalization 

of lanes. The membrane was then probed with primary antibodies for α-Tubulin 

(ThermoFisher 322588, clone B-5-1-2), acetylated (Sigma T7451, clone 6-11B-1), or 

detyrosinated tubulin (Abcam ab48389). Blots were labeled with the appropriate 

corresponding secondary antibody and detected through chemiluminescent imaging. For 

immunofluorescence, FDBs or cardiomyocytes were fixed in 4% paraformaldehyde for 20 

minutes followed by permeabilization in 0.1% Triton X-100 for 15 minutes. Cells were 

blocked in SuperBlock PBS (ThermoFisher 37515) for 2 hours. Primary antibodies were 

used 1:200 overnight at 4°C. Secondary antibodies were incubated at 1:200 for 2 hours. 

Cells were imaged with Nikon A1R inverted confocal microscope. 

 

Nano-indentation: FDBs or cardiomyocytes were allowed to settle on a glass bottom dish 

coated with ECM (Sigma E6909). Cells were indented 1µm with a nano-indenter (Chiaro, 

Optics11, Netherlands) using a round probe (3 µm radius, 0.044 N/m stiffness). Indentation 

speeds from 0.5µm/s to 25µm/s were used to calculate the Young’s modulus using the 

Hertzian contact model. The slowest indentation represents the elastic modulus, while the 

viscous modulus (ΔE) can be derived from the fastest and slowest indentation (113). 
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Unloaded shortening contractile and calcium kinetics: Experiments were performed in 

custom fabricated chambers (Four-hour Day foundation, MD) mounted on an Olympus 

Ix70 Microscope with a 40X Water 1.15 NA objective. The sarcomere length was recorded 

using single cell contractile system (Aurora Scientific, Ontario, Canada) utilizing Fast 

Fourier transform analysis. Calcium transients were simultaneously after loading 2µM 

Indo1-AM (15min incubation) followed by 10 minutes de-esterification. Cells were excited 

with 355nm light from a xenon arc lamp and paced at 1Hz using electric field stimulation 

(FDB: 600mA 0.2ms, cardiomyocytes: 600mA 2ms) for 30 seconds recording with a dual 

PMT fluorescence (emission 405/485 nm) system (IonOptix). All contractions were 

averaged for each cell and amplitude/kinetics were calculated using a customized 

MATLAB script. 

 

Myocyte Attachment and ROS measurements: Isolated FDB fibers were attached to 

microfabricated glass rod holders (IonOptix), coated with MyoTak as previously described 

(82). ROS production was measured using the fluorescent indicator Carboxy-H2DFFDA 

(5-(and-6)-carboxy-2′,7′-dihydrofluorescein diacetate (DFF); FDBs: 10 μM 40 min, 

Cardiomyocytes 6 μM 30 min; ThermoFisher). After measuring ROS production in cells 

at rest, mechanical stimulation was initiated in loaded cells with a 2Hz sinusoidal stretch 

waveform (10% of resting sarcomere length (SL)) imposed for 10 s for FDBs, or 2Hz 

electrical stimulation for cardiomyocytes. Mechano-activated ROS production was derived 

from increase in fluorescence during stretch/contractions normalized to basal increase in 

DFF fluorescence.  
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In Vivo electroporation of FDB Fibers: In a cohort of animals, FDBs were electroporated 

with pcDNA3.1 overexpression vector containing GFP (used as control) or αTAT-GFP 4 

days prior to enzymatic digestion (82). In an anesthetized mouse, 20µl of 1mg/ml 

hyaluronidase was injected into the footpad of the mouse between the skin and the FDB. 

Following a 2-hour wait, mice were again anesthetized and injected with 20µl of 1µg/µl 

plasmid. 27G needle electrodes were inserted through the skin on each side of the FDB. 

Muscles were stimulated by applying 20 pulses, 20 msec in duration/each, at 1 Hz, at 100 

V/cm. 

 

Measurements in intact Muscle: Mice were treated with the HDAC6 inhibitor Tubastatin 

A (50mg/kg/day) or vehicle control for 3 days. Following the treatment period, the extensor 

digitorum longus (EDL) was removed tendon to tendon and mounted in an in vitro (Aurora 

3100) system to assess passive and active mechanics. Following equilibration and 

determining optimal resting length (Lo) with twitch contractions, passive mechanics were 

quantified with stretches to 5, 10, 15, and 20 percent above Lo. Components of the passive 

stretch were categorized as peak force, Amplitude (change from pre-stretch tension to post-

stretch tension, plateau, and decay to 80%. Muscles were subsequently subjected to 

isometric contractions at increasing frequencies to develop a force frequency curve and 

contractile kinetics. For protein abundance analysis of microtubule PTMs, the contralateral 

EDL to muscle testing was removed and flash frozen in isopentane chilled on dry ice.  

 

Statistics and Data Availability: Two group comparison was carried out using t-test or 

Mann-Whitney U-test for parametric and nonparametric data sets respectively. The data is 
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presented as Mean ± SD. The only exception is Stiffness-Indentation velocity relationship 

curves (Figure 1E and G), where the data comparison was carried out using Two-way 

analysis of variance (ANOVA) and data is presented as Mean ± 95% CI. The data discussed 

here, and additional experimental control datasets are available upon request. 

 

2.3 Results 

 The acetylation of α-tubulin is by α-tubulin acetyltransferase 1 (αTAT1) at K40 on 

a loop (residues P37 to D47) within the microtubule lumen (148, 167). This modification is 

then reversed by histone deacetylase 6 (HDAC6) or the NAD (+)-dependent deacetylase 

Sirtuin 2 (SIRT2) (126, 127).  

 

2.3.1 Modulation of Acetylated Tubulin in Striated Muscle 

Our initial experiments used Tubacin, a pharmacologic HDAC6 inhibitor, with a 

high specificity for HDAC6. The cytosolic localization of HDAC6 precludes a direct effect 

on gene expression via histone acetylation (177). In enzymatically isolated ventricular 

cardiomyocytes and Flexor digitorum brevis (FDB) skeletal myofibers, we show that 

tubacin increased the level of α-tubulin acetylation without altering the level of 

detyrosinated α-tubulin nor the expression of α-tubulin protein (Fig. 2.1 A and B). A further 

examination of microtubule structure in both cell types revealed that tubacin treatment 

increased the level of microtubule acetylation without altering the microtubule network 

density (Fig. 2.1 C and D). Using this treatment, we can accurately assess the contribution 

of acetylated tubulin, independent detyrosinated tubulin or microtubule density, to 
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microtubule stability and cellular viscoelastic resistance; both of which impact microtubule 

dependent mechano-signaling pathways. 

 

 

Figure 2.1: HDAC6 inhibition increases α-tubulin acetylation independent of altering 

the density or detyrosination of microtubules 

A and B) Western blot of isolated cardiomyocytes and FDB fibers treated with HDAC6 

inhibitor Tubacin (10 µM, 2h, n = 4). Quantification of α-tubulin, acetylated, and 

detyrosinated tubulin normalized to ponceau and expressed as fold change to control 

conditions (vehicle-only). C and D) Immunofluorescence and quantification of isolated 

cardiomyocytes and FDB fibers, respectively. Tubulin abundance was determined from a 

binary quantification normalized to cell area and expressed as fold change to the control. 

(FDB n = 12, cardiomyocytes, n = 10) * p<0.05, ** p<0.01, *** p<0.001, scale bars = 

10µm. 
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2.3.2 Microtubule Acetylation Has no Impact on Stability 

Microtubule acetylation has been associated with long lived microtubules (178). 

There is debate about this observation being causation or correlation. Other tubulin PTMs 

are shown to alter the dynamic instability of microtubules by directly causing microtubule 

half-life to increase (60, 175). Varying reports describe microtubule acetylation’s effect on 

microtubule dynamic instability with tubulin acetylation causing increased shrinkage in-

vitro, increasing microtubule stability in vivo, or most commonly have no impact on 

microtubule stability (150, 151). Disagreement on the contribution of acetylated tubulin 

could be due to differences in cell type, biophysical properties in vitro versus in vivo, or 

contributing factors to stability independent of the acetylation modification (HDAC6 or 

αTAT binding) (148, 179). Because microtubule stability would have a long-term impact 

on microtubule density and thus microtubule dependent mechanotransduction, we sought 

out to investigate the stability of the microtubule population in cardiomyocytes in addition 

to the impact of microtubule acetylation on stability in vivo. 

Microtubule PTMs and MAPs can alter the stability and density of the microtubules 

creating tissue specific differences in in the microtubule network and responsiveness to 

mechanical signals (59, 180). Pharmacological agents can be used to induce collapse of the 

microtubule network, and the relative stability of the microtubule network in muscle can 

be assessed by resistance to collapse. Different pharmacological agents can interact with 

microtubules at multiple sites including the taxane/epothilone, laulimalide, vinca alkaloid, 

and colchicine sites. Taxanes and laulimalide stabilize tubulin, while vinca alkaloids and 

colchicine inhibit polymerization (181). Both colchicine and nocodazole bind to the 

colchicine site in beta tubulin of tubulin dimers and inhibit incorporation of tubulin dimers 
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into a microtubule due to a change in structure of the dimer; the difference of the two agents 

manifests in quicker binding and unbinding kinetics of nocodazole (182, 183). In isolated 

cardiomyocytes, both colchicine and nocodazole induce time dependent collapse of the 

microtubule network with a ~50% decrease in the microtubule density after a 2-hour 

treatment (Fig. 2.2). The microtubules still present after treatment represent the resistant 

subset of microtubules and correspond to long lived microtubule. 

Vincristine (VC) and vinblastine both bind the vinca alkaloid site of tubulin (184). 

Similar to colchicine, they induce structural changes to tubulin that result in the inability 

to incorporate tubulin. However, they also induce the formation of spiral aggregates of 

tubulin that act to sequester active tubulin out of the cytosolic pool (185). Both Vincristine 

and vinblastine induce time dependent collapse of the microtubule network greater than 

colchicine or nocodazole (Fig. 2.2). The increased effectiveness of the vinca alkaloid’s 

ability to collapse the microtubule network likely resides in their ability to sequester tubulin 

and better target resistant microtubules. However, the still remaining pool of polymerized 

tubulin highlight the great abundance of stable microtubules in striated muscle. The ability 

to target different populations of microtubules enables a good strategy to quantify the effect 

of tubulin acetylation on microtubule stability. 
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Figure 2.2: Microtubule binding agents targeted to colchicine and vinca alkaloid sites 

on microtubules induce time dependent depolymerization of cardiomyocytes 

Quantification of the mean α-tubulin density by binary skeletonization of microtubules 

from immunofluorescent images of isolated cardiomyocytes after 10µM colchicine, 

nocodazole, 1µM Vinblastine, Vincristine treatment for 0 minutes, 30 minutes, 1 hours, 

and 2 hours. Error bars display standard deviation. 

 

 

 To investigate the effect of tubulin acetylation on microtubule stability, we utilized 

tubacin treatment to increase microtubule acetylation in cardiomyocytes. Following 2-hour 

treatment with tubacin, cells were subjected to multiple mechanisms with varying 

potencies to induced microtubule collapse. Colchicine, Vincristine, and cold treatment, 
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which causes depolymerization of nearly all microtubules, were chosen to identify 

protection of different subsets of microtubules (186). Taxol, a known promotor of 

microtubule stabilization, was used as a positive control for microtubule stability (187). 

Following treatment, immunofluorescent staining and binary quantification of 

microtubules revealed that Taxol protects the microtubule network from collapse induced 

by all tested microtubule depolymerizing conditions (Fig. 2.3). Moreover, tubacin 

treatment provided no protection of the microtubule network from the addition of 

depolymerizing conditions. (Fig. 2.3). 

 These results indicate that increased presence of microtubule acetylation does not 

add to the stability of microtubule in-vivo and is in line with the majority of similar studies. 

However, the methods utilized here are short term treatments that do not rule out the 

possibility of transcriptional changes induced by acetylated tubulin modifying the stability 

of the microtubule network. Importantly, the depolymerization conditions utilized here are 

useful for understanding of mechanisms involved in chemotherapeutic agents like 

vincristine. However, they are artificial and not commonly found in natural cell conditions. 

Expanding upon these studies with natural environmental stress that induces microtubule 

collapse like ROS could provide further insights. Additionally, the collapse observed here 

is due to the inhibition of microtubule polymerization allowing dynamic instability to drive 

the microtubule to collapse. The mechanism tested here does not attempt to investigate the 

protection of microtubule to structural damage induced by contraction. Evidence in the 

literature still suggests that microtubule acetylation can prevent damage to the microtubule 

lattice and in turn reduce the number of events promoting microtubule catastrophe 

following mechanical damage (116, 166).  
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Figure 2.3: Microtubule acetylation does not protect microtubules from collapse 

induced by microtubule binding agents or cold treatment 

A) Representative immunofluorescent images of isolated cardiomyocytes treated with 

Taxol, tubacin, or vehicle followed by addition of microtubule depolymerizing agents 

colchicine (colch) (10µM, 2hr) vincristine (1µM, 2hrs), or cold (on ice, 15min). scale bars 

= 10µm B) Microtubule density binary quantification. n = 10, Error bars display standard 

deviation, * p<0.05, ** p<0.01, *** p<0.001,  **** p<0.0001 

 

2.3.3 Impact of Microtubule Acetylation on Cytoskeletal Stiffness 

The contribution of microtubules to the cytoskeletal stiffness and viscoelastic 

resistance of cardiac and skeletal myocytes is reflected in measures of their transversal 

stiffness and contractile kinetics (82, 113). While the level of α-tubulin modification by 

detyrosination has been shown to alter cytoskeletal stiffness and myocyte mechanics, the 

independent effect of α-tubulin acetylation is unknown. Using measures of nanoindentation 

mechanics at varying speeds, we can assess the contribution of acetylated tubulin to 

viscoelastic resistance. Nanoindentation relies on an optical laser that is displaced by the 

bending of a cantilever with a known stiffness to create a load indentation curve. For 

viscoelastic material, such as a cell, the Hertzian contact model can fit the load indentation 

curve as a model of a sphere indenting viscoelastic material.  
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Important to the testing of cytoskeletal stiffness is the limitation of nanoindentation 

to a 500nm indentation. This incorporates the subsarcolemmal between the membrane and 

sarcomere elements. This particular region is rich with microtubules which biases the 

measurement towards microtubule contribution to transverse stiffness. We show that the 

tubacin-dependent increase in acetylMTs significantly increases cellular stiffness (Fig. 2.4 

A and B) in both cardiomyocytes and FDB myofibers. Interestingly, both elastic and 

viscous components of the viscoelastic resistance were significantly increased by 

acetylated tubulin in both cardiomyocytes and FDB myofibers (Fig. 2.4 C-F).  
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Figure 2.4: Tubacin mediated increase in microtubule acetylation raises cytoskeletal 

stiffness in striated muscle 

Young’s modulus of cardiomyocytes and FDB fibers treated with Tubacin (Red) from 

nano-indentation at different speeds (A and B respectively, Error bars display 95% 

Confidence Interval). The derived viscoelastic resistance from experiments shown in A and 

B is represented in panels C-F (Cardiomyocytes, N = 4, Control n=25 and Tubacin n=27; 

FDBs, N=4, Control n=29 and Tubacin n=29). Error bars display standard deviation * 

p<0.05, ** p<0.01, *** p<0.001 
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2.3.4 Contractile Kinetics of Striated Muscle Are Slowed by Tubulin Acetylation 

Resistance to longitudinal forces implemented by the contracting sarcomere 

opposes contraction and force production. Changes in transverse stiffness due to 

microtubule acetylation impact the cytoskeletal stiffness throughout the cell making them 

likely to also impact longitudinal stiffness of muscle fibers. In unloaded contraction of 

single myofibers, the fractional shortening can be measured in addition to the kinetics of 

contraction and relaxation. Cellular elements that create resistance to contraction will 

impose on fractional shortening and contractile kinetics of the cell. Due to the observed 

increase in viscoelastic resistance, we predict that acetylated microtubule will impact 

contraction parameters in unloaded cells. In Tubacin treated FDB fibers and 

cardiomyocytes, we show a significant reduction in the fractional shortening (Fig. 2.5 C 

and D) and rates of both contraction and relaxation (Fig. 2.5 E and F) during unloaded 

contractions.  

 The unloaded environment of these experiments is critical to observing contribution 

of microtubule to resistance of contraction. In a physically coupled environment, muscle is 

attached to tendons that pull on the bone to produce movements. Additionally, muscle is 

pulling the connective tissue and membranes that segment and tether the muscle together 

providing additional resistance to contraction. In this natural environment, muscle 

contraction must overcome great resistance in order to shorten. During relaxation, these 

elements along with titin act as a spring to help facilitate relaxation of the muscle. The 

contribution of these structural element to resistance to movement likely outweighs the 

contribution of microtubules to resistance, thus masking the influence of microtubules to 
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contractile kinetics. However, during unloaded contraction, the cell must only overcome 

intrinsic resistance of which microtubule can be a major contributor.  

 

Figure 2.5: Increased microtubule acetylation slows contractile kinetics and 

modulates mechanosensitive ROS production 

Representative sarcomere length and velocity during contraction (A and B) treated with 

Tubacin (Red) and respective controls (Grey); measured fractional shortening (C and D) 

and contractile kinetics (E and F) from cardiomyocytes and FDB fibers, respectively. 

Quantification of contraction was performed at 1 Hz. Error bars represent standard 

deviation* p<0.05, ** p<0.01, *** p<0.001. 
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2.3.5 Calcium Transient is not impacted by microtubule acetylation 

Since contraction is driven by calcium release from the SR to the cytoplasm, it is 

also important to consider the effect of microtubule acetylation on the calcium transient. In 

the 2-hour treatment period with tubacin, transport of membrane calcium channels could 

be modified due to the regulation of vesicle transport by acetylated tubulin. Simultaneous 

to unloaded shortening, cytosolic calcium was measured during contraction of FDBs and 

cardiomyocytes. Our profiling of unloaded shortening in conjunction with cytosolic 

calcium (Indo-1AM) revealed modest changes in the amplitude of the calcium transient 

(Fig, 2.6 C and D) and minimal changes in calcium transient kinetics (Fig 2.6 E-H). 

Importantly, the calcium transient kinetics remain unaltered unlike contractile kinetics. 

This result reinforces the conclusion that microtubules are responsible for the altered 

sarcomere kinetics. A full display of calcium kinetics and contraction can be found in table 

1 and 2. This allows us to conclude that microtubule acetylation does not alter the transport 

of calcium channels in a short time frame. However, the contribution of chronic 

microtubule upregulation to transport in striated muscle remains unknown. 

Table 1: Calcium Transient Kinetic Parameters 

  

 Cardiomyocytes  FDBs 

Treatment Wild Type Tubacin % 

Change 

 Wild Type Tubacin % 

Change 

N animals,  

n (Cells) 
9, 61 9, 61 -  6, 36 6, 37 - 

Amplitude 0.139 ± 

0.044 

0.156 ± 

0.044* 

12  0.93 ± 0.20 0.79 ± 

0.21** 

-15 

Rise Time 10-

90% (ms) 

41.10 ± 

9.06 

40.53 ± 

7.66 

-1  28.50 ± 

0.39 

27.95 ± 

0.55*** 

-2 

Decay Time 

50% (ms) 

126.1 ± 

25.60 

131.0 ± 

31.69 

4  25.16 ± 

3.11 

22.80 ± 

2.61** 

-9 

Decay Time 

90% (ms) 

339.7 ± 

71.52 

358.6 ± 

78.26 

6  76.86±7.72 78.01 

±9.09 

2 

*, P < 0.05; **, P < 0.01; ***, P < 0.001. 
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Table 2: Contraction kinetic parameters based on sarcomere length  

 

 Cardiomyocytes  FDBs 

Treatment Wild Type Tubacin % 

Change 

 Wild Type Tubacin % 

Change 

N animals, 

n (Cells) 
9, 61 9, 61 -  6, 36 6, 35 - 

Fractional 

Shortening 

(%) 

7.29 ± 

2.11 

5.67 ± 

2.26*** 
-22  

9.67 ± 

2.531 

6.97 ± 

2.67*** 
-28 

Contraction 

Velocity 

(µm/s) 

3.388 ± 

1.400 

2.822 ± 

1.248* 
-17  

11.63 ± 

3.41 

7.15 ± 

5.02*** 
-39 

Relaxation 

Velocity 

(µm/s) 

2.015 ± 

1.104 

1.410 ± 

0.7857*** 
-30  

6.80 ± 

2.85 

5.20 ± 

3.11* 
-24 

Rise Time 10-

90% (ms) 
52.51 ± 

11.26 

50.37 ± 

8.840 
-4  

14.96 ± 

1.88 

12.22 ± 

3.06*** 
-18 

Decay Time 

50% (ms) 

71.70 ± 

20.34 

79.60 ± 

21.37* 
11  

25.80 ± 

7.664 

28.40 ± 

15.67 
10 

Decay Time 

90% (ms) 
209.9 ± 

58.52 

257.7 ± 

70.43*** 
23  

42.78 ± 

10.41 

43.86 ± 

20.92 
3 

*, P < 0.05; **, P < 0.01; ***, P < 0.001. 

 

 

 

 

 

 

 

Figure 2.6: Microtubule acetylation has a minimal impact on the calcium transient 

Representative traces of the calcium transient in FDBs or cardiomyocytes treated with 

Tubacin (Red) and respective controls (Grey) (A and B). Measurement of the calcium 

transient amplitude (C and D) and rise or decay time of the transient (E-H). Quantification 

of transient amplitude and contractile kinetics was performed at 1 Hz utilizing Indo1-am 

as a calcium indicator. Error bars represent standard deviation * p<0.05, ** p<0.01, *** 

p<0.001. 
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2.3.6 Microtubule Acetylation Enhances Mechanosensitive ROS Production 

Thus far, tubacin mediated increase in tubacin acetylation has facilitated increases 

in cytoskeletal stiffness and longitudinal resistance. These can be utilized as predictors for 

mechanotransduction that translate into changes in microtubule dependent 

mechanotransduction. Consistent with the role of microtubules in mechanotransduction 

(70), we show a significant increase in mechano-elicited ROS production in single 

cardiomyocytes undergoing unloaded paced contraction at 2 Hz (Fig. 2.7 B and C) and in 

single FDB’s challenged with 2Hz cyclic passive stretch (Fig. 2.7 D and E).  

 

 

 

 

 

 

 

 

 

Figure 2.7: Increased MT acetylation modulates mechanosensitive ROS production 

A) Representative trace of microtubule dependent mechanotransduction before 

normalization. B and D) Representative normalized traces of cardiomyocytes or FDBs 

showing microtubule dependent mechanotransduction. Panel C shows quantification of the 

change in ROS production in cardiac cells during 2Hz stimulated contractions measured 

by the change in DFF fluorescence increase (N = 7, control n=30 and Tubacin n=31) and 

panel H shows quantification of the change in ROS production during 2 Hz cyclic stretch 

in FDBs fibers (N = 3, control n=16 and Tubacin n=18). Error bars represent standard 

deviation,  * p<0.05, ** p<0.01, *** p<0.001. 
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These measurements are facilitated by the ROS sensitive dye DFF. Irreversible 

oxidation of DFF by ROS results in a linear rise in baseline fluorescence (Fig. 2.7 A) that 

is subtracted to reveal the ROS increase during mechanical stimulation. Increase in stretch 

or contraction induced ROS production over the baseline is defined as mechanically 

activated ROS. Increase of mechanically activated ROS in both stretch and contraction 

shows that microtubule dependent mechanotransduction is sensitive to both diastolic 

stretch of cardiomyocytes during filling and contractile use of muscle. These results align 

with reports that acetylMTs are responsible for the mechanosensitive touch response in 

mice and Drosophila (117, 168) as well as evidence that acetylated α-tubulin underlies the 

increased resistance seen with repetitive strain to microtubules in vitro (150, 166); a 

property that would facilitate the transfer of energy for mechanotransduction in striated 

muscle where cells are subjected to repetitive contraction (75, 82, 113). 

 

2.3.7 αTAT Mediated microtubule acetylation primes muscle for 

mechanotransduction 

Microtubule acetylation is a dynamic modification that responds to carious 

physiological signals including oxidative stress, metabolic flux, and cytokine signaling. 

Changes in the level of acetylated tubulin are mediated by the activity of the enzymes 

responsible for addition or removal of the acetyl group from α-tubulin and the availability 

of acetyl-coA in the cell. Thus far, tubacin mediate increase in microtubule acetylation by 

inhibition of HDAC6 has shown regulation of microtubule dependent 

mechanotransduction. To investigate other potential mechanisms that regulate acetylated 

tubulin, we look at acetylation of microtubules by αTAT1. 
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We used the genetic overexpression of αTAT1 with an N-terminal green 

fluorescent protein (GFP) tag in mouse FDB muscle as an orthogonal approach to the 

pharmacologic increase in tubulin acetylation (Fig. 2.8). Acetylation by αTAT1 is highly 

specific to polymerized tubulin (145) and without activity towards histone proteins (118). 

Following enzymatic isolation of FDB myofibers, we observed no effect of GFP on 

measurements made when compared with transfected cell and concluded that an empty 

GFP vector was a suitable control (Fig. 2.9).  
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Figure 2.8: Overexpression vector utilized for in vivo electroporation 

Human αTAT1 transcript variant 2 was inserted into the multiple cloning site of the 

pcDNA3.1+ overexpression vector. αTAT1 is expressed under the Cytomegalovirus 

(CMV) promotor and contains and N-terminal eGFP tag. An empty vector expressing only 

eGFP was used as a control for vector overexpression experiments. 
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Figure 2.9: GFP overexpression has no impact on measured contractile kinetics of 

nanoindentation parameters 

Measurements made compared untransfected FDBs to GFP overexpressing cells. A) 

Contractile kinetics of unloaded shortening. B) Fractional shortening of unloaded 

shortening. C and D) Cell stiffness from minimum and maximum speeds of nano-

indentation. Error bars represent standard deviation, * p<0.05, ** p<0.01, *** p<0.001. 
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Transfection of overexpression vectors showed an increased level of acetylMTs in 

fibers overexpressing αTAT vs GFP-only transfected fibers (Fig. 2.10A and B). However, 

αTAT overexpression did not affect the abundance of deTyrMT, similar to HDAC6 

inhibition. Measures of passive cell mechanics utilizing nanoindentation showed that 

acetylMTs increased transverse cell stiffness and both components of viscoelastic 

resistance (Fig. 2.11 A-C) with unloaded shortening confirming the suppressive effect on 

contractile kinetics (Fig. 2.11 D and E). These changes in sarcomere mechanics and cellular 

stiffness are in-line with the inhibition of HDAC6 which consolidates the impact of this 

PTM on striated muscle function. Taken together, these results identify acetylated tubulin 

as a regulator of cytoskeletal stiffness and microtubule dependent mechanotransduction in 

isolated FDB myofibers and cardiomyocytes. These results are expanded by the fact that 

multiple enzymes that regulated acetylated tubulin can independently alter microtubule 

dependent mechanotransduction allowing for a broad response mechanism of the cell to 

changes in workload. 

Figure 2.10: Overexpression of αTAT1 increases acetylated microtubules in FDBs 

A) Immunofluorescent staining of acetylated tubulin, GFP, and detyrosinated tubulin in 

FDBs overexpressing αTAT-GFP (Blue), GFP-control (Grey), or non-transfected (untrans) 

cells (Black). B) Binary quantification of acetylated and detyrosinated microtubule 

abundance. (Detyrosinated Tubulin n=10, Acetylated Tubulin n=20) scale bars = 10µm. 

Error bars represent standard deviation, * p<0.05, ** p<0.01, *** p<0.001. 

 

Figure 2.11: Overexpression of αTAT1 increases cytoskeleton stiffness 

A) Young’s modulus of FDB fibers overexpressing αTAT-GFP (Blue) and GFP-control 

(Grey) from nano-indentation at different speeds, Error bars represent 95% confidence 

interval (B) and their derived viscoelastic resistance (N = 4, GFP n=15 and αTAT n=17) 

(C). Peak contraction, relaxation velocities (D), and Fractional shortening (E) measured 

from FDB fibers over-expressing αTAT (Blue) and their GFP-only controls (Grey). 

Unloaded shortening parameters (N = 4, GFP n=27 and αTAT n=45). Error bars represent 

standard deviation, * p<0.05, ** p<0.01, *** p<0.001. 
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Figure 2.10 
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Figure 2.11 
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2.3.8 Acetylated Tubulin is an Ideal Mechanical Sensor for Striated Muscle 

Measures of sarcomere dynamics in single fibers/myocytes during unloaded 

contractions have been effectively used by our group and others (65, 82) to dissect the 

impact of microtubule PTM’s as regulators of sarcomere mechanics. While it is tempting 

to leverage these results to suggest that acetylated microtubules impact the passive and 

active mechanics of intact muscle, the shortened sarcomere length and absence of load 

intrinsic to this assay diminish the ability to extrapolate the results. To address this issue 

directly we treated mice in vivo for 3 days with the HDAC 6 inhibitor Tubastatin A or 

vehicle control. Following the treatment period, the extensor digitorum longus (EDL) was 

removed tendon to tendon and mounted in an in vitro (Aurora 3100) system to assess 

passive and active mechanics. Following equilibration and determining optimal resting 

length (Lo) with twitch contractions, passive mechanics were quantified with stretches to 

5, 10, 15, and 20 percent above Lo. We show that in vivo Tubastatin A treatment effectively 

increased the level of tubulin acetylation with minimal alteration of detyrosination (Fig. 

2.12 A and B). In the EDL we show that Tubastatin A treatment had no effect on the 

magnitude or kinetics of electrically evoked EDL contractions in vitro (Fig. 2.12 E and F). 

Measurements of passive mechanics we that Tubastatin A treatment increased peak passive 

tension at 5 and 10% stretch, and increased decay time at 5%, with no effect at longer 

length excursions (Fig. 2.13 A-E). Given that 5-20% excursions from Lo span the 

physiological working range reported for the mouse EDL (188), we conclude that acetylated 

microtubules impact the passive mechanics of muscle at low levels of sarcomere strain. 

This finding is consistent with titin being the dominant regulator of passive mechanics 

across the physiological range of sarcomere strain (189–191).  
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Figure 2.12: Microtubule acetylation has no impact on contractile mechanics in intact 

muscle 

A) Western blot of contralateral EDL from animals treated with Tubastatin A or vehicle 

control (n = 8). B) Quantification of α-Tubulin, acetylated tubulin, and detyrosinated 

Tubulin protein expression normalized to total protein. C) Force frequency curve from 

intact EDL muscle in a bath. D) Contraction and relaxation rate from intact EDL stimulated 

at increasing frequencies n = 8. Error bars represent standard deviation, * p<0.05, ** 

p<0.01, *** p<0.001. 
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Figure 2.13: Microtubule acetylation has minimal impact on passive mechanics in 

intact muscle 

A) Representative traces of successive stretches from intact EDL muscle in a bath. B-E) 

Passive stretch parameters for Tubastatin A treated animals or vehicle control for each 

successive stretch. n = 8. Error bars represent standard deviation, * p<0.05, ** p<0.01, *** 

p<0.001. 
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2.4 Discussion 

Utilizing pharmacological and genetic strategies to manipulate acetylated tubulin, 

we show here that striated muscle contains a population of acetylated tubulin that does not 

contribute to microtubule dynamic instability. However, the acetylated population does 

contribute to increased stiffness of the cytoskeletal network as shown by nano-indentation 

and slowed contractile kinetics of unloaded shortening. These measures have previously 

been shown to be positive predictors of microtubule dependent mechanotransduction. 

Indeed, microtubule acetylation increases ROS production in response to stretch or 

contraction of muscle. Importantly we show that the slowed contractile kinetics in isolated 

unloaded contractions fail to translate to the kinetics in whole muscle contractions. This 

property allows acetylated tubulin to tune microtubules that act as an ideal mechanosensor 

by creation of chemical signals that allow enable the cell to respond to workload, without 

influence of the sensing mechanism on the force of contraction. Taken together we report 

that α-tubulin acetylation is an independent positive regulator of the mechanics and the 

magnitude of mechanotransduction in cardiomyocytes and skeletal muscle fibers.  

Given the depth and breadth of these results in striated muscle, and their qualitative 

alignment with results in other cell types, we found a recent report of an inverse relationship 

between acetylMT abundance and cardiomyocyte mechanics (176) rather surprising. 

However, the use of a pharmacologic manipulation on the background of cardiomyopathy, 

and indirect measures of membrane mechanics, likely contributed to the contradiction to 

our current results. Furthermore, the strength of our findings are bolstered by measures of 

passive nanoindentation, active sarcomere mechanics, as well as mechanotransduction 

dependent ROS signaling; three outcome measures formerly shown effective by our group 
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and others (82, 113). A further strength is the quantitative similarity of our results across 

mechanistically distinct means of increasing α-tubulin acetylation (i.e., HDAC6 inhibition 

vs αTAT1 over-expression). Finally, our results were highly specific to α-tubulin 

acetylation and occurred independent of alterations in microtubule density or levels of 

deTyrMT in both cardiac and skeletal striated muscle.  

We take these results as an extension of our discovery that tubulin PTM’s alter 

microtubule properties that regulate cytoskeletal mechanics and tune the magnitude of 

striated muscle mechanotransduction. Our current findings on acetylated α-tubulin, and our 

works and others on detyrosinated α-tubulin, propose each PTM an independent regulator 

of microtubule properties yet both result in increased cytoskeletal mechanics and 

mechanotransduction in striated muscle. The detyrosinated α-tubulin c-terminal tail 

promoting microtubule binding to desmin is the proposed mechanism of how deTyrMTs 

regulate sarcomere mechanics and mechanotransduction. Alternatively, acetylated α-

tubulin is proposed to promote microtubule stability by weakening lateral contacts of 

microtubule protofilaments (167). As both PTM’s are elevated in diseased striated muscle, 

we hypothesize that each act independently towards the pathological increase in mechanics 

and mechanotransduction. Given that a targeted reduction of deTyrMT’s effectively 

reduces cellular and tissue pathology (65, 82, 113, 192), we posit that targeting HDAC6 or 

αTAT may expand our opportunity towards normalizing these pathological changes in 

diseased striated muscle. 
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Chapter 3 

Tubulin Acetylation is a potential therapeutic target in striated 

muscle disease 

3.1 Introduction 

 Microtubules are dynamic polymers found in most cell types that contribute to cell 

division, cargo transport, structural organization, and mechanotransduction. Their unique 

structure in striated muscle has garnered attention to their regulation and maintenance of 

striated muscle sarcomere structure, cargo trafficking to the t-tubules, and sarcolemma 

maintenance (35, 48, 193, 194). Our recent work has shown that the structure and biophysical 

properties of microtubules enable them to sense mechanical strain on muscle fibers and 

translate that movement to chemical energy usable by the cell, thus adding to the 

mechanotransduction pathways in muscle that are necessary to sense and adapt to change 

in workloads (70, 82, 112, 195). 

 In this mechanotransduction pathway, movement of muscle fibers causes 

intracellular movement of microtubules that causes them to relay mechanical strain into 

the activation of NADPH-oxidase 2 (Nox2). Activation of Nox2 causes subsequent release 

of superoxides outside of the t-tubule and sarcolemma membrane that can enter the cell 

and oxidize macromolecules in the local environment (70). In muscle, oxidation of calcium 

channels and transporters regulates the release or entry of calcium from the SR and outside 

the cell (82, 89, 196). ROS and calcium are important second messengers that drive and fine 

tune contraction of muscle and lead to genetic regulation for long term adaptations to 

muscle (94, 197). The importance to understand the abundance of intracellular ROS and 
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calcium led to the investigation of modulators of this microtubule dependent 

mechanotransduction pathway.  

 Post-translational modifications (PTMs) to tubulin control the biophysical 

properties of microtubules and can influence polymerization and catastrophe rates, 

flexibility, and binding partners (54, 141, 175). Detyrosination of microtubules increases the 

stability and binding of microtubules to intermediate filaments at the z-line (65). These 

properties allow the microtubule to better sense mechanical movement of the muscle and 

enhance ROS production and calcium release in response to muscle movement. Most 

recently acetylation of microtubules has been attributed to the regulation 

mechanotransduction (168, 195). Microtubule acetylation results in resistance to repetitive 

mechanical strain and protecting from mechanical breaks in the microtubule lattice (150, 

166). This allows for a more connected cytoskeletal network and better transmission of 

mechanical signals that again increase ROS production in response to muscle movement. 

Importantly, these changes to cytoskeleton properties do not impact tension development 

of intact muscle allowing microtubule PTMs to tune mechanotransduction independent of 

directly influencing muscle work (195). 

 In healthy muscle, mechanotransduction signaling pathways contribute to damaged 

protein degradation, new protein synthesis, and changes to energy metabolism (26, 28, 94). 

These signals utilize transient increases to ROS and calcium signaling pathways to 

propagate mechanical signals leading to overall muscle repair and maintenance. These 

short-term effects observed in healthy muscle are enabled by the redox buffering capacity 

of muscle (72, 99, 198). In response to muscle use, ROS levels rise to initiate repair and 

maintenance mechanism (199). However, ROS levels quickly return to basal level by 
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reducing enzymes such as catalase, superoxide dismutase, glutathione, or exogeneous 

molecules. Although mechanotransduction signals allow for maintenance of healthy 

muscle, muscle diseases such as dystrophies, heart failure, and sarcopenia correlate with 

excess ROS and calcium signals (82, 85, 90, 200–202). 

 In addition to ROS and calcium, microtubules have been implicated in muscle 

disease for decades (171). Remodeling of the heart during adaptive changes to workload 

results in a densification of the microtubule network (203). Abnormal structure of the 

microtubule network has been associated with Duchene muscular dystrophy (DMD) in 

both the muscle and the heart (75, 112, 204). Most recently, changes to microtubule PTMS 

have been observed in aging that correlates with muscle loss (205). All of these studies 

resulted in the cumulation of research designed to understand the role of microtubule 

dependent ROS and calcium production in disease. Initial studies targeting detyrosination 

to reduce microtubule dependent mechanotransduction have proved to be therapeutic to 

heart and skeletal muscle function in disease (75, 82). Our new finding that acetylated 

tubulin is an independent regulator of microtubule dependent mechanotransduction 

initiated studies into the regulation of acetylated tubulin levels and their contribution to 

muscle disease (195). 

 

3.2  Methods 

Isolated Cardiomyocyte Treatment: Adult C57/BL6 Mice (12-24 weeks) were used to 

isolate cardiomyocytes for short term treatment. Mice were heparinized to prevent clotting 

during isolation followed by anesthetization with isoflurane 3%. Whole hearts were 

excised, placed in ice cold cell isolation buffer (CIB) [130 mM NaCl, 5.4 mM KCl, 0.5 
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mM MgCl2•6H2O, 0.33 mM NaH2PO4, 10 mM glucose, 25 mM HEPES, 10 mM taurine] 

+ 200µM EGTA (CIB-EGTA), and cannulated through the aorta. Retrograde perfusion of 

hearts was performed with CIB-EGTA for 3 min and then for 4 min in CIB supplemented 

with enzymes (1 mg/ml collagenase (Worthington), 0.06 mg/ml trypsin (Sigma), and 0.06 

mg/ml protease (Sigma) at 37 ⁰C. Ventricular tissues were minced followed by additional 

digestion with enzymes for 4 min at 37 ⁰C. Myocytes were transferred to normal Tyrode's 

solution (NT) [130 mM NaCl, 5.4 mM KCl, 0.5 mM MgCl2•6H2O, 0.33 mM NaH2PO4, 

5 mM glucose, 5 mM HEPES], dispersed by trituration with a Pasteur pipette, and 

ultimately stepped up to physiological calcium in three increments to 1.8 mM CaCl2 in 

NT. Cells were treated with increasing concentrations of CHO-derived human TGF-β1 

reconstituted in 4nM HCL for 2hours or vehicle control. Further experiments treated 

cardiomyocytes with 1mM H2O2 or vehicle control for 60 minutes 

 

Western Blots and Immunofluorescence Staining: Isolated cells lysates were run on a 

polyacrylamide SDS-gel. Protein was transferred to a nitrocellulose membrane and 

blocked (5% milk). Membranes were stained with Ponceau for total protein normalization 

of lanes. The membrane was then probed with primary antibodies for α-Tubulin 

(ThermoFisher 322588, clone B-5-1-2), acetylated (Sigma T7451, clone 6-11B-1), or 

detyrosinated tubulin (Abcam ab48389). Blots were labeled with the appropriate 

corresponding secondary antibody and detected through chemiluminescent imaging. For 

immunofluorescence, FDBs or cardiomyocytes were fixed in 4% paraformaldehyde for 20 

minutes followed by permeabilization in 0.1% Triton X-100 for 15 minutes. Cells were 

blocked in SuperBlock PBS (ThermoFisher 37515) for 2 hours. Primary antibodies were 



 

71 

 

used 1:200 overnight at 4°C. Secondary antibodies were incubated at 1:200 for 2 hours. 

Cells were imaged with Nikon A1R inverted confocal microscope. 

 

Angiotensin II Infusion: In adult C57/BL6 mice (12 weeks), osmotic pumps (Alzet model 

2006) loaded with Angiotensin II (ANG II, Sigma A2900) in saline were placed 

subcutaneously to infuse at a dose of 1.1 mg/kg/day for 6 weeks. Blood pressure was 

measured utilizing the CODA non-invasive tail-cuff system. Echocardiography was 

performed on the VEVO 2100 using a 40mHz linear transducer on anesthetized mice. 

Analysis was conducted on motion mode (M-mode) images from the short axis view of the 

heart. 

 

Lipofection: shRNA (Short Hairpin Ribonucleic Acid) to target mouse αTAT1 was placed 

in an expression vector under the U6 promotor. mCherry was driven by an independent 

CMV promotor. The plasmid was transfected into 10T-half cells cultured in DMEM at 

60% confluence following the standard lipofectamine 3000 protocols. Following 48 hours 

of expression, cells were fixed for further analysis. 

 

In Vivo electroporation of FDB Fibers: In a cohort of C57BL/10ScSn-Dmdmdx/J (mdx) 

mice (5-weeks), FDBs were electroporated with a vector containing shRNA to αTAT1 or 

a scrambled shRNA (control) 7 days prior to enzymatic digestion (82). In an anesthetized 

mouse, 20µl of 1mg/ml hyaluronidase was injected into the footpad of the mouse between 

the skin and the FDB. Following a 2-hour wait, mice were again anesthetized and injected 

with 20µl of 1.5µg/µl plasmid. 27G needle electrodes were inserted through the skin on 
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each side of the FDB. Muscles were stimulated by applying 20 pulses, 20 msec in 

duration/each, at 1 Hz, at 100 V/cm. 

 

Nano-indentation: FDB fibers were allowed to settle on a glass bottom dish coated with 

ECM (Sigma E6909). Cells were indented 1µm with a nano-indenter (Chiaro, Optics11, 

Netherlands) using a round probe (3 µm radius, 0.044 N/m stiffness). Indentation speeds 

from 0.5µm/s to 25µm/s were used to calculate the Young’s modulus using the Hertzian 

contact model. The slowest indentation represents the elastic modulus, while the viscous 

modulus (ΔE) can be derived from the fastest and slowest indentation (113). 

 

Differential expression analysis: Raw transcriptome data was obtained for NCBI’s Gene 

Expression Omnibus database. Human muscle samples of DMD, Becker muscular 

dystrophy (BMD), or control vastus lateralis are found at GSE109178 and mouse muscle 

samples from mdx or control EDL are found at GSE162455. Multiple comparison 

corrections were made using the Benjamini Hochberg correction to generate adjusted p-

values use to generate a threshold for the volcano plot. 

 

Statistics and Data Availability: Two group comparison was carried out using t-test or 

Mann-Whitney U-test for parametric and nonparametric data sets respectively. The data is 

presented as Mean ± SD unless otherwise stated. The data discussed here, and additional 

experimental control datasets are available upon request 
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3.3 Results 

3.3.1 Transient changes in microtubule modifications 

 Microtubules are dynamic intracellular polymers. However, they reach a level of 

polymerization and depolymerization that determines the microtubule network density 

equilibrium. Similarly, the activity and abundance of enzymes that control forward and 

reverse post translational modifications control the equilibrium level of tubulin 

modifications. To understand changes to the microtubule density and PTMs observed in 

disease, we investigated treatments of isolated cells with conditions of excess inflammatory 

cytokines or ROS that often correlate with muscle disease. TGF-β is an inflammatory 

cytokine that binds membrane receptors that signal through the canonical mothers against 

decapentaplegic (SMAD) phosphorylation pathway. Phosphorylation of SMAD allows for 

entry into the nucleus and regulation of transcription factors that control cell differentiation, 

growth, and extracellular matrix deposition (206). These processes are critical in the 

response to injury for muscle repair and regeneration. However, chronic TGF-β signaling 

is associated with Duchenne muscular dystrophy and correlations with excess collagen 

deposits that contribute to pathology of the disease (207). Interestingly, TGF-β also 

activates Transforming growth factor-β activated kinase 1 (TAK-1) through non-canonical 

signaling. This kinase is able to phosphorylate αTAT1 to increase its enzymatic activity 

and the subsequent level of tubulin acetylation (140).  

Here we treat isolated cardiomyocytes with increasing concentrations of TGF-β for 

2 hours. The level of acetylated tubulin is diminished in a concentration dependent manor 

while the level of alpha tubulin is consistent across all concentrations (Figure 3.1 A and 

B). Another environmental change associated with muscle disease is oxidative stress (83). 
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Isolated cardiomyocytes were treated with hydrogen peroxide for 60 minutes to simulate 

oxidative stress. Following treatment, immunofluorescence of alpha tubulin revealed that 

hydrogen peroxide treatment led to a decrease in the microtubule network density (Figure 

3.1 C). While the drop in acetylated tubulin in response to TGF-β signaling and depletion 

of microtubule density in response to hydrogen peroxide do not match the excess density 

and modifications observed in disease, they are in line with other short-term treatments and 

transient response seen in exercise and injury (161, 204, 208, 209). Additionally, we assessed 

changes to microtubule PTMs in response to injury. Mice gastrocnemii were subjected to 

eccentric contraction and harvested for protein analysis 24 hours after eccentric injury. 

Here we observe an increase in acetylated tubulin in the injured leg compared to control 

(Figure 3.1 E). This changed was partial masked in the D2.B10-Dmdmdx/J (D2-mdx) 

muscular dystrophy model, a cross between mdx and DBA/2J strains, where microtubule 

acetylation was already high. Taking these results into account, a chronic approach was 

taken to better understand changes to microtubules and their PTMs in disease. 

 

 

 

 

Figure 3.1: TGF-β and ROS influence microtubules and their modifications 

A) Western blot of isolated cardiomyocytes treated with increasing concentrations of TGF-

β for 2hrs then probed for acetylated and alpha tubulin abundance. B) Quantification of 

acetylated and alpha tubulin abundance from western blots. C) Microtubules observed by 

immunofluorescence of alpha tubulin in isolated cardiomyocytes treated with 1mM H2O2 

for 60minutes. Binary quantification if microtubule abundance. D) Protein quantification 

from uninjured leg of 3 mouse models. (C57BL/6J, DBA/2J, D2.B10-Dmdmdx/J) E) Protein 

quantification 24hrs following gastrocnemius eccentric injury. Error bars represent 

standard deviation, * p<0.05, ** p<0.01, *** p<0.001. 
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3.3.2 Long Term angiotensin 

 Chronic inflammatory cytokines and oxidative stress are commonly associated with 

skeletal muscle and cardiac disease. While short term treatment with angiotensin lead to 

transient reduction of acetylated and detyrosinated tubulin, long term treatment may differ 

(209). Angiotensin II is the active product of the renin-angiotensin system that controls 

blood pressure, cardiac hypertrophy and contractility and its blood serum levels are 

elevated in heart failure (210, 211). Additionally, angiotensin II is an activator of Nox2 that 

can contribute to oxidative stress (212). Here we investigated microtubule changes in mice 

infused with angiotensin II to study the chronic effect of cytokines and redox stress. 

 Angiotensin II infusion effectively increased systolic and diastolic starting 2 weeks 

after the initiation of treatment (Figure 3.2 A and B). With the heart pumping against an 

increased afterload, we observed hypertrophy of the heart measured by left ventricle (LV) 

mass echocardiography calculation and heart weight/Tibia length (TL) (Figure 3.2 D and 

E). Hypertrophy correlated with mild loss of ejection fraction indication the initiation of 

heart failure. Cardiac parameters correlated with elevation of acetylated tubulin and Nox2 

protein abundance, demonstrating an upregulation of microtubule dependent 

mechanotransduction components (Figure 3.3 A and B). Furthermore, these changes were 

independent of changes to detyrosinated tubulin or alpha tubulin (Figure 3.3 A and B). 

Taken together, these results show that components of the microtubule dependent 

mechanotransduction pathway are elevated in early stages of heart failure, and are 

consistent with previous studies (119, 205). Interestingly, we showed acetylated tubulin 

increase during the hypertrophy phase independent of detyrosination. In mouse and human 

cardiomyocytes, detyrosinated tubulin has been shown to be detrimental to cardiac function 
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in some patients and models (113, 114). Acetylated tubulin is also shown to be upregulated 

in human cardiomyopathy associated with sarcomere mutations, but the contribution to 

disease pathology is unknown (213). Nonetheless, acetylated tubulin upregulation in other 

muscle diseases such as dystrophy and aging add importance to its investigation in disease. 

 

 

 

 

 

 

 

 

 

Figure 3.2: Physiological changes in response to chronic angiotensin II infusion 

A and B) Systolic or Diastolic blood pressure measure by tail cuff in mice with saline or 

1.4mg.kg.day angiotensin II (Ang II) infusion. C) Ejection fraction measured by 

echocardiography and calculated by changes in ventricular wall dimensions of the short 

axis. D) Left ventricle mass calculation based on short axis wall dimensions. E) Heart 

weight normalized by tibia length. F) Mouse weight. N=5 Error bars represent standard 

error, * p<0.05, ** p<0.01, *** p<0.001. 

 

Figure 3.3: Chronic angiotensin II infusion increases microtubule acetylation 

A) Western blot of alpha tubulin, acetylated tubulin, detyrosinated tubulin, and Nox2 from 

mice treated with angiotensin II or saline for 6 weeks. B) Quantification of each protein 

from western blots C) Muscle weight of gastrocnemius, tibialis anterior, or soleus 

normalized to tibia length. N=5 Error bars represent standard deviation, * p<0.05, ** 

p<0.01, *** p<0.001. 
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Figure 3.2 
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Figure 3.3 
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3.3.3 Microtubule changes in mdx 

Duchenne muscular dystrophy is and x-linked recessive disorder that causes severe 

muscle wasting and cardiac dysfunction in 1:3500 boys (214). The symptoms begin to 

present around 2 years of age when there are noticeable differences in gait along with 

difficulty standing up. Around the first decade, patients become wheelchair bound followed 

by need of extreme assistance and ventilation by the third to fourth decade (215). 

Eventually, patients die prematurely from diaphragm and cardiac dysfunction. 

The disease is caused by point mutations, insertions, or deletions that lead to 

frameshift errors of the dystrophin gene resulting in premature truncation (215, 216). 

Dystrophin is a cytoskeleton linker protein that connects internal cytoskeleton elements 

such as actin and microtubule filaments to the dystroglycan complex (DGC) (47, 217). At 

the DGC, extracellular elements are linked to the cell membrane and allow for transmission 

of mechanical signals throughout the cytoskeleton network. The complex is also crucial to 

the support of the sarcolemma during striated muscle contraction (218). The loss of 

dystrophin that forms a linker between cytoskeleton elements manifests in a global 

phenotype of muscle degeneration. 

The current therapy to combat DMD is through the use of steroids that act to reduce 

inflammation and directly alter signaling (219). While this therapy has been instrumental 

to increase the quality of life and longevity of affected individuals, it comes with side 

effects and is not a cure for the genetic disease. Genetic strategies of exon skipping and 

adeno-associated virus (AAV) therapies aim to restore the expression of dystrophin (220). 

Exon skipping also require continuous treatment throughout the patient’s life and create 

side effects. The efficacy can also depend on the specific genetic abnormality the patient 
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harbors. AAV therapies utilize virus’s innate ability to transfect cells to overexpress and 

restore levels of dystrophin. However, due to size limitations, only partial pieces of 

dystrophin can be packaged into the virus (220). There are also issues associated with 

immune response in patients. More recently, muscle stem cell therapy has been 

investigated as a means to express full length dystrophin in patients, but optimization of 

injection route and maintaining stem like properties long term are still being elucidated 

(221). For a true cure to DMD optimization of genetic strategies is necessary, but research 

and therapy cost, potential for dual strategy approaches, and immediate need for current 

treatments warrants the continued investigation into the molecular mechanisms of DMD 

pathophysiology. 

While DMD is caused by a genetic defect present from conception, muscle 

weakness is observed only after a couple years, and in mice that model the disease show 

resistance to muscle injury during the first couple weeks of life (222). However, elevated 

levels of creatine kinase, a consequence of weakened membrane integrity, are observed at 

birth leading to the hypothesis that muscle wasting is a symptom of chronic signal 

adaptation to loss of dystrophin (223). There are various chronic pathologic signaling 

pathways correlated with DMD including ischemic damage, oxidative stress, and calcium 

overload. Ischemic damage arises from the loss of sarcolemma localization of Neuronal 

Nitric Oxide Synthase (nNOS) resulting in the inability to regulated vasodilation and blood 

flow during muscle use (224). This also contributes to the pool of RNS and creation of ROS 

that add to oxidative stress (225). Markers of oxidative stress include protein oxidation, 

lipid peroxidation, mitochondrial dysfunction, and nuclear damage, are observed in DMD 

and when combined lead to muscle atrophy (202, 226). Excess calcium, which is often a 
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consequence of oxidative stress, also leads to protein degradation and triggers apoptosis 

(227, 228). Targeting chronic pathologic signaling could be beneficial to treatment of 

disease. However, global antioxidants showed no benefit to patients with DMD (229), likely 

due to the need of some ROS to act as a second messenger and tune muscle function (230). 

Therapies that target excess ROS to alleviate oxidative stress while maintaining 

physiologic ROS are an emerging strategy. 

The mdx mouse model has provided a disease state that resembles the skeletal 

muscle wasting observed in humans and allows for mechanistic investigation into 

pathologic signaling. Nox2-ROS has been implicated as a major contributor to oxidative 

stress in muscular dystrophy (231). Our group and others recent findings that microtubules 

transmit mechanical signals to initiate activation of nox2, and the abnormal structure of the 

microtubule network in muscular dystrophy models placed microtubules as a potential 

disease modifier (70, 232). Indeed, microtubule dependent ROS production is elevated in 

the mdx model and contributes to excess calcium influx (75). Inhibition of this 

mechanotransduction pathway protects from eccentric injury, which is dependent on 

membrane integrity and oxidative stress (82). In mdx mice that lack functional Nox2, there 

was a reduction in fibrosis and central nucleated fiber which indicates protection from 

degeneration and regeneration cycles (233). Since there were benefits from reduction of 

Nox2-ROS in the mdx animal, we started investigation into regulatory elements of Nox2-

ROS. Detyrosination of microtubule was found to enhance ROS production and contribute 

to oxidative stress in disease (82). Our recent work revealed that tubulin acetylation 

independently regulates Nox2-ROS and is a potential disease modifier in DMD (195). 
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At 5 weeks of age, mdx animals already show characteristic of eccentric injury and muscle 

wasting. At this age, we assessed changes to tubulin abundance and PTMs during the initial 

phase of muscle degeneration. In mdx gastrocnemius compared to black-10 (BL-10) 

controls, alpha and beta tubulin are elevated (Figure 3.4). Microtubule PTMs acetylation 

and detyrosination are also elevated in the mdx animal; these changes tracked with the level 

of α-tubulin (Figure 3.4). These results demonstrate that acetylation and detyrosination of 

tubulin are present during initial observations of injury and makes them a good target to 

diminish oxidative stress early in disease pathophysiology. 
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Figure 3.4: Tubulin abundance and their PTMs are elevated early in dystrophy 

A) Western blot of alpha, beta, acetylated, and detyrosinated tubulin. B) Quantification of 

western blot and ration of microtubule PTMs to alpha tubulin abundance. Samples from 

gastrocnemius taken from 5-week-old mice. BL-10 N = 5, mdx N = 5. Error bars represent 

standard deviation, * p<0.05, ** p<0.01, *** p<0.001. 
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3.3.4 Knockdown Strategy for Acetylated Tubulin 

To target excess Nox2-ROS and diminish oxidative stress in disease, we developed 

a strategy to reduced microtubule acetylation. The level of acetylation is regulated by the 

abundance and activity of αTAT1, HDAC6, and SIRT2 (59). There are current 

pharmacological inhibitors for the deacetylases HDAC6 and SIRT2. However, both 

enzymes function in a broad spectrum of cellular signaling pathways, making them 

complicated targets for chronic treatments (146, 147). αTAT1 functions as the microtubule 

acetylase and is highly specific to polymerized tubulin due to interaction that stabilize the 

enzyme and catalyze the forward reaction when bound to microtubules (145). Recent 

breakthroughs on the structure of αTAT1 have enabled progress on the development of 

specific inhibitors to αTAT1, but a compound has not yet been developed (129, 145, 234). 

Instead, utilization of shRNA to specifically knockdown αTAT1 expression and 

subsequently reduce acetylated tubulin levels was explored. 

10T-1/2 cells grown in culture were transfected with a plasmid that overexpressed 

shRNA designed to target αTAT1 under an RNA polymerase III promotor (Figure 3.5 C). 

The plasmid also induced expression of mCherry to identify positive cells. Compared to 

cells transfected with a scrambled control or untransfected cells, transfection with shRNA 

to αTAT1 reduced the level of acetylated tubulin and had no impact on the level of 

detyrosinated tubulin. This provided a genetic strategy that could specifically reduce 

acetylated tubulin and fit the space requirements to be packaged into a virus for long term 

expression.  
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Figure 3.5: shRNA targeted to αTAT1 reduces microtubule acetylation in cells 

A) Representative images of 10T-1/2 cells transfected with shRNA to αTAT1, scrambled 

shRNA, or untransfected (control) for 2 days. Cells positive for transfection are seen in 

red. Microtubule acetylation is labeled in green while microtubule detyrosination is labeled 

in purple. B) Binary quantification of microtubule acetylation or detyrosination abundance. 

n = 12 scale bars = 20µm. C) Vector map of transfected plasmid. Error bars represent 

standard deviation, * p<0.05, ** p<0.01, *** p<0.001. 
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3.3.5 Acetylated Tubulin Primes mdx Muscle for Excess Mechanotransduction 

Our initial investigation into the role of acetylated tubulin in disease progression 

looked at microtubule dependent mechanotransduction. In mdx at 4 weeks of age, they 

already show susceptibility to injury and signs of muscle damage that correlate with 

increases to microtubule density and microtubule PTMs acetylation and detyrosination, 

confirmed by immunofluorescence of FDB fibers (Figure 3.6 A and B). Utilizing in-vivo 

electroporation of FDB fibers to overexpress shRNA to αTAT1, we can effectively 

dimmish the heightened level of acetylated tubulin in mdx animals to below the level of 

control (Figure 3.6). In mdx fibers, we also observe loss of microtubule organization and 

increase in the number of nuclei associated with the dystrophic disease. Microtubule 

organization, nor increase in the number of nuclei were rescued by reduction of acetylated 

tubulin (figure 3.6). This was not a surprising result when considering the treatment length 

of 7-days. In dystrophic disease chronic oxidative stress drives remodeling and genetic 

changes that cause muscle undergo degeneration, but these adaptions are unlikely to change 

in a short time frame. 

Although a short treatment to reduce acetylated tubulin in the mdx muscle had no 

impact on cytoskeleton structure or muscle regeneration, we investigated the impact on 

microtubule mechanics. In mdx muscle, the elevated levels of acetylated and detyrosinated 

tubulin correlated with increase in cytoskeletal stiffness measured by transverse nano-

indentation (Figure 3.7 A). Reduction of acetylated tubulin through in vivo electroporation 

reduced elastic and viscous stiffness back to the level of the control (Figure 3.7 B and C). 

Heightened stiffness in disease shows that microtubules are primed to produce elevated 

level of Nox2 ROS during mechanical activation. Reduction in acetylated tubulin is a 
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potential target to reduce excess mechanical activated ROS observed in dystrophic disease 

and alleviate oxidative stress that drives remodeling and degeneration of muscle.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6: shRNA targeted to αTAT1 normalizes elevated levels of acetylated tubulin 

in dystrophic disease 

A) Representative immunofluorescent images of FDB fibers transfected (7 days) with 

scrambled shRNA or targeted to αTAT1. α-Tubulin is seen in green, acetylated tubulin in 

purple, and DAPI in blue. B) Binary quantification of microtubule acetylation, α-Tubulin, 

or nuclei abundance normalized to cell area. n = 12 scale bars = 10µm. Error bars represent 

standard deviation, * p<0.05, ** p<0.01, *** p<0.001. 
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Figure 3.7: Reduction of acetylated tubulin reduced cytoskeletal stiffness in mdx 

muscle 

A) Young’s modulus of FDB fibers calculated from nano-indentation at different speeds 

(A and B respectively, Error bars display 95% Confidence Interval). The derived 

viscoelastic resistance from experiments shown in panel A is represented in panels C-F 

(Cardiomyocytes, N = 4, Control n=25 and Tubacin n=27; FDBs, N=4, Control n=29 and 

Tubacin n=29). Error bars display standard deviation * p<0.05, ** p<0.01, *** p<0.001 
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3.3.6 Microtubule and PTM Expression in Human DMD 

The mdx mouse is the most widely used mouse for DMD research. The muscle 

shows susceptibility to injury, cycles of degeneration and regeneration, and circulation 

markers of membrane damage (235, 236). However, the inability of the model to recreate 

human phenotypes of severe reduction in lifespan and cardiac deficits early in life caution 

the use of the mdx model and limit the broad use of it for all disease modifying pathways 

(237, 238). Here we investigated how well the changes to microtubule abundance and PTMs 

associated with the mdx model translate to human dystrophic diseases.  

Muscle biopsies were obtained from DMD patients, BMD patients, mdx mice, or 

respective healthy controls. BMD is a less severe muscle wasting disease that manifest in 

early adult life but is also caused by mutations to dystrophin. Muscle was taken from the 

vastus lateralis of male patients with an average age of 3.75 years (DMD), 20 years (BMD), 

or from mdx mice EDL at 2 months of age. All human biopsies showed signs of muscle 

damage including, variation in fiber size, central nucleated fiber, necrosis, fatty infiltration, 

or fibrosis. Differential expression analysis correcting for multiple comparisons was 

performed on mRNA transcripts isolated from the muscle biopsies. DMD patients showed 

23,979 genes were differentially expressed from the detected 54,675 genes (Figure 3.8 A). 

Genes that code for tubulin isoforms or forward and reverse microtubule PTMs modifying 

enzymes were pooled to assess the conservation of microtubule alterations between human 

and rodent dystrophin related diseases. There is an overall upregulation of microtubule 

related transcripts in DMD, BMD, and mdx with BMD being slightly diminished compared 

to the more severe disease DMD, as well as a strong conservation of differential regulation 

across species (Figure 3.8 B). Of note, Tubulin Beta Class V (TUBB6) and Vash2 are 
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highly overexpressed in all diseases and species. Conservation and correlation to disease 

severity of differentially expressed microtubule related transcripts strengthens the 

significance of microtubule dysfunction findings in the mdx model an increases confidence 

in the transition of therapeutic targets from mice to humans. 

 

Figure 3.8: Differentially expressed mRNA transcripts in dystrophic driven disease 

A) Volcano plot of mRNA transcripts isolated from muscle of DMD patients compared to 

health samples. Upregulated (Red), downregulated (blue). B) Heat map depicting transcript 

expression fold change of tubulin isoforms or microtubule PTM modifying enzymes. 

 

3.3.7 Microtubule dependent mechanotransduction in aging 

Improvement of disease treatment and prevention facilitated with modern medicine 

has expanded the average life expectancy. However, all individuals eventually experience 

muscle loss that is part of healthy aging. This aging related sarcopenia defined by loss in 

skeletal muscle strength and mass predisposes an increased risk for falls, disability, and the 

development of co-morbid disease (239). While strategies targeting anabolic pathways to 

increase muscle mass have shown effect in sarcopenia, benefits are often not accompanied 

by increased muscle strength or power and thus do not likely affect the intrinsic defects 
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that undermine the function of the muscle (240). Evidence in the heart also shows age 

related predisposition to cardiac disease (241, 242). Similar to muscular dystrophies, aging 

associated sarcopenia and cardiac remodeling is driven by chronic low grade inflammatory 

signaling from TGF-β, Angiotensin II, and Interleukin 6 (IL-6) to the muscle (243–245). 

These signals are tied to evidence that links dysregulated calcium handling, driven by 

reactive oxygen species, as a major driver of the functional deficits in aging muscle (243, 

246–248). With evidence that chronic inflammatory signals lead to microtubule 

densification and accumulation of microtubule PTMs that modify calcium and ROS 

dysfunction in disease, we sought to investigate alterations in microtubule 

mechanotransduction as a modifier of aging muscle (75, 82). 

 In skeletal muscle and heart, we report age dependent accumulation of α-tubulin, 

detyrosinated tubulin, acetylated tubulin, and the gp91Phox subunit of Nox2 (Figure 3.9 

A-D). In the heart these changes correlated with increased oxidative stress in aged mice as 

measured by a ROS fluorescent indicator (Figure 3.9 E). Furthermore, we measured an 

increased in mechanically activated ROS production in aged cardiomyocytes (Figure 3.9 F 

and G). Taken together with previous results from our group, microtubule acetylation and 

detyrosination elevates Nox2-ROS that contributes to oxidative stress in aged muscle. 

Figure 3.9: Changes to tubulin in aging muscle 

A) Protein changes in gastrocnemius isolated from mice at different ages. B) Western 

quantification displayed as percent increase from 17-week animals. C) Protein changes in 

heart isolated from mice at different ages. D) Western quantification. E) DFF fluorescence 

in isolated cardiomyocytes. F) Representative normalized traces of cardiomyocytes 

showing microtubule dependent mechanotransduction. G) Quantification of the change in 

ROS production in cardiac cells during 2Hz stimulated contractions measured by the 

change in DFF fluorescence increase (17-week n=56 and 78-week n=62) Error bars display 

standard deviation * p<0.05, ** p<0.01, *** p<0.001 
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3.4 Discussion 

 Initial investigations into regulators of microtubules and their PTMs showed that 

short term TGF-β signaling reduced acetylated tubulin and had no impact on alpha tubulin. 

Short term ROS treatment resulted in a decrease to microtubule network density. These 

changes are consistent with work that shows short term angiotensin treatment (2hrs) 

reduces level of microtubule detyrosination and acetylation, and even reduced cytoskeletal 

stiffness (209). However more chronic treatment (24hrs) shows no regulation of 

microtubule PTMs and supports the hypothesis for a transient decrease in microtubule 

stability. Similarly, transient oxidative stress (10 minutes) disrupts microtubule dynamics 

and results in microtubule depolymerization (208). However, chronic oxidative stress (60 

minutes) showed increased markers for microtubule damage but allow time for GTP-

tubulin to repair the damage and increase microtubule stability (116).  

These results in-vitro are in line with in-vivo models where downhill running 

resulted in a transient collapse of the microtubule network, and eccentric injury resulted in 

decreased abundance of detyrosinated tubulin (161, 204). However, here we show that 

microtubule acetylation increases in response to eccentric injury. We hypothesize this 

increase is driven by oxidative stress, as the response is diminished in models of heightened 

inflammation. This finding could also implicate acetylated tubulin as differentially 

regulated from detyrosinated tubulin. Availability of acetyl-CoA and NAD+ are tie 

acetylation to the metabolic rate of the cell, and in turn provide a mechanism for regulation 

independent of detyrosination. Taken together, our results and other works support the 

hypothesis that exercise, and injury induce a transient collapse of the microtubule network, 

potentially to activate satellite cell differentiation for repair or to diminish muscle injury 
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(249). This collapse is shortly followed by stabilization of the microtubule network that 

allow for enhanced mechanotransduction signals that promote protein synthesis and allow 

transport for site directed repair. While these transient changes to the microtubule network 

facilitate healthy muscle maintenance, chronic inflammatory signaling and oxidative stress 

may lead to maladaptive microtubule stability in disease. 

As a model of chronic inflammation and oxidative stress, we infused angiotensin 

into mice for 6 weeks. This recapitulated an increase in blood pressure observed in similar 

models and lead to mild heart failure with loss of ejection fraction and hypertrophy (119, 

205). Acetylated and detyrosinated tubulin have both been reported to increase during 

human heart failure (113, 114), here we report and increase in acetylated tubulin 

independent of detyrosination. This change is similar to a recent communication reporting 

that a rise in acetylation in early stages of human heart failure and consistent elevated 

detyrosinated tubulin (250). Acetylation arising early in heart failure may be a consequence 

of elevated acetyl-coA available as a substrate from metabolic flux, or changes to 

enzymatic activity. The rise of microtubule modifications likely plays a role in redox 

pathways that lead to compensated hypertrophy. It is also important to consider the role of 

microtubule transport to hypertrophy. Recent reports show that microtubules facilitate 

phenylephrine induced hypertrophy in cardiomyocytes (51). The regulation of kinesin 

binding to microtubules by post-translational modification also highlights the potential for 

acetylation or detyrosination of microtubule to alter hypertrophy by means of microtubule 

transport (56–58). Overall, targeting microtubule PTMs has proved beneficial to relieve 

contractile impairments in heart failure (113, 114, 251), but microtubule acetylation could 

be a potential target to mediate initial oxidative stress. 
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  To investigate the role of acetylated tubulin in dystrophic disease, we designed a 

genetic strategy to knockdown αTAT1 and reduced levels of acetylated tubulin in muscle. 

While our results show that detyrosination levels are unaffected in short treatments, the 

abundance of PTMs that affect microtubule stability are often tied together. In mdx mice, 

we observe changes in both acetylation and detyrosination of microtubule. Chronic 

therapeutics targets to one or the other are likely to affect levels of both modifications. 

Reduction of acetylation by in vivo electroporation for 7 days had no impact on microtubule 

organization or muscle regeneration. However, cytoskeleton stiffness was reduced to 

control levels from elevated levels measured in mdx muscle fibers. This shows that 

acetylated tubulin can be an effective target to reduce excess ROS from 

mechanotransduction associated with dystrophic disease.  

 To expand the significance of our findings, we investigated the conservation of 

microtubule abnormalities in human dystrophic disease. Differential expression analysis of 

DMD muscle showed nearly half the detected genes were up or down regulated. This 

demonstrates the DMD is caused by one gene, but adaptations to many signaling pathways 

make DMD a complex disease by the time muscle weakness appears. When comparing 

tubulin isoforms and microtubule PTM modifying enzymes between DMD, BMD, and 

mdx samples, we observed striking conservation of abnormal expression. This 

conservation strengthens the use of the mdx model to understand the contribution of 

microtubule dependent mechanotransduction as a dystrophic disease modifier.  

 Interestingly we observed high expression of beta-tubulin 6 (TUBB6) and Vash2 

in all tissue (Figure 3.8). Overexpression of TUBB6 has been linked to the disorganization 

of microtubules and can independently recapitulate phenotypes observed in the mdx model 
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(252). Vash2 is one of the enzymes responsible for facilitating detyrosination of 

microtubules (78). The high levels of overexpression in DMD and significance to excess 

ROS make this enzyme a good target for pharmacological inhibitors. The expression levels 

of enzymes regulating microtubule acetylation are relatively unchanged. However, we 

observe an increase in acetylation levels in the mdx model. These changes could be driven 

by the bioavailability of acetyl-CoA or changes to enzyme activity independent of 

abundance. Further studies to quantify microtubule acetylation in human DMD muscle are 

needed to identify acetylated tubulin as a therapeutic target. Overall, changes to 

microtubules and their PTMs observed in the mdx model have potential as a therapeutic 

target to selectively reduce excess ROS.  

 The changes to components of the microtubule dependent mechanotransduction 

pathway in muscular dystrophy and heart failure are also conserved in aged heart and 

muscle. The elevation of microtubule PTMs correlates with increased oxidative stress and 

is central to the progression of heart failure, muscular dystrophy, and aging. Further 

investigation into the initiation of microtubule remodeling and PTM interactions will be 

beneficial to the understanding of muscle disease.  
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Chapter 4 

Conclusions and Future Directions 

 

4.1 Conclusions 

Previous research has implicated acetylated tubulin as a modifier of the biophysical 

properties of microtubules and thereby a regulator of mechanotransduction. However, the 

importance of this PTM to the mechanical properties of muscle has not yet been elucidated. 

Here we have shown that acetylated tubulin increases cytoskeletal stiffness and thereby 

enhances the physiological signal produced when the muscle is stretched. Specifically, 

acetylation of microtubules enhances ROS production by Nox2 when the muscle is 

stretched or when it contracts. Furthermore, we have shown that this signaling is  enhanced 

through modulation of HDAC6 or αTAT1 thereby revealing relevant aspects of the 

underlying signaling pathway. Importantly, this increase in stiffness of the microtubules 

has only a limited effect on the stiffness of the intact muscle and on the kinetics of tension 

development. Taken together we conclude that the acetylation of microtubules tunes the 

sensitivity of microtubules that act as mechanosensors to regulate mechanotransduction in 

striated muscle. 

Our research then sought to address how microtubule acetylation affects muscle 

disease. Investigations into pressure overload induced heart failure, muscular dystrophy, 

and striated muscle dysfunction with aging show disease correlated with a higher level of 

acetylated tubulin. This increase correlated with increased stiffness of skeletal muscle in 

muscular dystrophy and increased oxidative stress in aged heart muscle. These 
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observations have suggested to us that reduction of microtubule acetylation may prove to 

be a good therapeutic target for the treatment of excess ROS in muscle diseases. 

 

4.2 Future Directions 

 Our work has demonstrated the importance of acetylated tubulin to striated muscle 

mechanotransduction. However, there are many unanswered questions into the biophysical 

properties, regulation of abundance, transient vs. chronic impacts of adaptive changes to 

acetylated tubulin to muscle physiology, and role of microtubule PTMs parallel to 

mechanotransduction. With these unanswered questions in mind, our group aims to 

continue investigations into the mechanism of how microtubule acetylation alters 

biophysical properties of microtubules and ultimately impact mechanotransduction. 

Research on microtubules in vitro has determined that acetylated tubulin protects 

microtubules from damage induced by repetitive mechanical strain (150, 166). The 

translation of these findings and impact of repetitive muscle contraction has on microtubule 

has yet to been investigated. Microtubule acetylation has also been shown to alter binding 

of intracellular proteins which could alter microtubule stiffness independent of microtubule 

flexural rigidity (56, 253). Our finding that microtubule acetylation does not protect from 

artificial microtubule depolymerizing agents adds to the confidence that microtubule 

acetylation alters biophysical stability and not microtubule dynamic stability, but further 

investigation of in vivo properties and microtubule binding partners will expand the 

understanding of the underlying mechanisms. We plan to utilize strategies including 

labeling of GTP-tubulin, a marker of microtubule damage, and photoconvertible tubulin to 

image tubulin dimer incorporation after muscle is exposed to contraction induced 
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mechanical strain. Using these tools, we can understand the translation of in vitro 

protection to microtubules by acetylation to in vivo protection from contraction or stretch.  

 In addition to understanding mechanics, there is need to better understand the 

regulation mechanisms that alter tubulin acetylation levels. The abundance of acetylated 

tubulin and dynamic adaptation to multiple enzymes, cytokines, and secondary messengers 

in muscle suggested that acetylation plays a role in the healthy muscle physiology (115, 

140, 144). However, the intricate understanding of regulatory pathways to acetylated 

tubulin is lacking. For example, SIRT2 is often dismissed as a minor contributor to 

microtubule acetylation, but it is shown to be an important player through loss of 

expression in disease demonstrating it often overlooked importance (139). There is also 

discrepancy between the effect of transient signals versus chronic signals to enzymatic 

activity driving acetylated tubulin abundance (115, 140, 209). We demonstrated this 

discrepancy with short- and long-term treatment of cytokines resulting in opposite 

regulation of acetylated tubulin abundance. Independent of enzymatic abundance or 

activity, additional ties to metabolism through acetyl-coA availability make cellular 

mechanisms that control acetylated tubulin complex (126). There is need for mechanistic 

studies in controlled environments and timeline to understand why acetylated tubulin levels 

change in response to transient injury and chronic disease. 

 While the primary focus of the work presented here discuses on acetylated tubulin, 

the complex interaction between acetylated tubulin and other microtubule PTMs in disease 

needs attention. Heathy or diseased insults to muscle also change the level of detyrosinated 

tubulin which has been a previous target of our lab. Initial works with short term treatment 

implicated the importance of acetylated tubulin independent of disease (195). However, we 
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observe increases to both acetylated and detyrosinated tubulin in disease an incorporated 

both of these changes into the interpretation of results. We are unsure whether one PTM 

directly impacts the abundance of other PTMs, but and understanding would help to 

isolated acetylated tubulin or detyrosinated tubulin as therapeutic targets in disease. We 

intend to explore this interacting during chronic alterations of microtubule acetylation or 

detyrosination in muscular dystrophy. Specifically, we plan to independently modify the 

abundance of acetylated or detyrosinated tubulin in dystrophy; then, we will track changes 

to all microtubule PTMs during progression of disease to determine whether one 

microtubule PTM acts as an essential precursor to the other PTMs. 

 Ultimately, one of our goals is to understand the consequence of altered 

mechanotransduction in disease. Chronic reduction of acetylated or detyrosinated tubulin 

with AAV will also allow us to better explore the therapeutic potential of changes to 

acetylated or detyrosinated tubulin. Prior to chronic treatment, we observed no benefit to 

microtubule organization or regeneration cycles by short term reduction of acetylated 

tubulin. However, we hypothesize that long term reduction of acetylated tubulin will 

diminish mechanically activated ROS and associated oxidative stress in muscular 

dystrophy. Long term strategies will also enable the study of how Nox2-ROS transitions 

from local ROS signaling to global redox stress associated with excess ROS in disease. 

Utilizing AAV to genetically regulate microtubule PTMs we will assess fluorescent 

markers for oxidative stress and redox buffering capacity over the course of disease. 

Additionally, we will assess markers of dystrophic disease progressing such as fibrosis, 

immune cell infiltration into muscle, variation to muscle fiber size, and susceptibility to 
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eccentric injury to determine whether microtubule PTMs are an adaptation to slow disease, 

or a maladaptation that accelerates disease. 

 Finally, it is critical to understand how microtubule PTMs are affecting microtubule 

dependent processes parallel to mechanotransduction. Microtubules serve as part of the 

intracellular trafficking system to transport mRNA, protein, vesicles, lysosomes, and 

organelles throughout the cytosol (51, 56, 57, 155, 159). Microtubule acetylation and 

detyrosination show alteration of microtubule motor proteins binding to polymerized 

microtubules (56–58, 180). Changes in disease have already been shown to impact mRNA 

transport to enable cardiac hypertrophy (51). They are likely to play a pivotal role in 

autophagy, ubiquitin-initiated degradation, and channel trafficking to the membrane; all of 

which are altered in muscle disease or aging. The combination of microtubules role in 

mechanotransduction and transport will be critical to targeting maladaptive responses 

while maintaining pathways essential to the maintenance and function of healthy muscle. 

We plan to investigate the role of microtubule acetylation on trafficking by tracking 

microtubule dependent autophagic flux, transport of lysosomes, and speed of muscle 

atrophy. 

 Overall, our future plans will add to the comprehensive understanding of acetylated 

tubulin. We will further investigate the biophysical consequences and cellular regulation 

of tubulin acetylation, consequences of transient and chronic microtubule acetylation as a 

regulator of microtubule mechanosensors for mechanotransduction and its impact on 

muscle physiology, and the potential roles of microtubule acetylation parrel to 

mechanotransduction. With microtubules playing an integral role in cell division, 
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trafficking, scaffolding, and mechanotransduction there will always be new insights and 

investigation into the role of microtubule in striated muscle 
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