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SUMMARY

According to American Heart Association 2015 statistics (Mozaffarian, 2015), in 2011,
heart failure (HF) was mentioned for one in nine deaths in the United States. From 2009
to 2012, an approximate 5.7 million Americans (>20 year old) had HF. Projections
demonstrates that HF will increase to 46% from 2012 to 2030. This means over 8
million people would have HF. Cardiac hypertrophy is a common response to increased
mechanical loading, and is associated with increased risk of heart failure and arrhythmia
(Koren, 1991). Heart function in hypertrophy may have good or bad outcomes
depending on the different signals that are driving the growth of the muscle. Thus,
understanding how heart cells remodel in response to pathological stimuli is of great
importance to improve the maladaptive decline. This understanding may eventually lead

to new treatment of cardiac myopathy.

This thesis is divided into two main sections to investigate the assembly of the
contractile actin thin filament, a major component of the heart cell mass. The focus of
this thesis is the actin capping protein, CapZ, which binds to the barbed ends of the
actin filaments and regulates their assembly. In the first part, the effects of mechanical
cues (cyclic strain) and neurohormonal cues (such as phenylephrine) on CapZ capping
and actin filament dynamics are studied. In the second part, the mechanism how CapZ
dynamics is regulated is addressed. Biophysical and biochemical assays such as
fluorescence recovery after photobleach (FRAP), one and two dimensional gel
electrophoresis (1 or 2DGE), mass spectrometry (MS), immunocytochemistry and

immunoblotting are used.
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SUMMARY (continued)

The time course of the response and recovery after acute activity seen in exercise is not
well understood. The goal of the first part of the thesis is to address how proteins of the
thin filament (CapZ) are changed by one hour of mechanical stimulation and how these
return to baseline over time. Neonatal rat ventricular myocytes (NRVMS) in culture were
subjected to cyclic 10% strain at 1 Hz for 1 hour to mimic increased mechanical loading
during exercise. CapZ and actin dynamics were analyzed by fluorescence recovery
after photobleaching (FRAP) using GFP-CapZf31, actin-GFP or actin-RFP. After cyclic
strain, CapZ dynamics increased above resting controls, and abated 2~3 hours after
cessation of the cyclic strain. Similarly, actin dynamics initially increased, and abated
1.5~2 hours after the end of stimulation. Neurohormonal hypertrophic stimulation by
phenylephrine or norepinephrine treatments also elevated actin dynamics but required a
much longer time of treatment (24~48 hours) to be detectable. The actin capping
mechanism was explored by use of expression of CapZB1 with a C-terminus deletion
(CapZB1AC). Increased dynamics of actin seen with CapZB1AC was similar to the
response to cyclic strain. Thus, it is possible that mechanical stimulation alters the
dynamics for CapZ capping of the actin filament through the CapZp1 C-terminus, known
as the B tentacle, thereby remodeling sarcomeres in cardiac myocytes. This adaptive
mechanism for thin filament addition declines a few hours after the end of a bout of
exercise.Rapid increases in the dynamics of both actin and the actin capping protein
(CapZz) following mechanical flexing suggest post-translational modifications (PTMs)
might be the underlying mechanism. Thus, in the second part of this thesis, NRVMs in

culture were stimulated to a hypertrophic state
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SUMMARY (continued)

by a neurohormone (10uM phenylephrine, PE, for 24 hours), and PTMs of CapZ31

were analyzed by 2D gel electrophoresis and mass spectrometry (MS). After PE
treatment, 2D spots of CapZB1 with more negative charges were increased, suggesting
that PTMs of CapZB1 are up-regulated. Increased PTM spots included the acetylation of
K199 and phosphorylation of S204, which are both close to the actin-binding region of
CapZ. In order to address specific roles of acetylation and phosphorylation, drugs and
molecular reagents are used to enhance or diminish particular PTMs. CapZ dynamics
and acetylation were increased with class | HDAC inhibitor (5uM trichostatin A/ 5 hours)
and HDAC1-3 inhibitor (MGCDO0103 / 24 hours), and the effect of PE on CapZ dynamics
was diminished by HDAC activator (10uM theophylline / 24 hours), suggesting CapZ
dynamics were regulated via CapZ acetylation by altered HDAC1-3 activities. The
subcellular distribution of HDAC3 was decreased in myofibrillar but increased in the
membrane compartment of myocytes, suggesting the diminished HDAC activities in
hypertrophic myocytes were due to HDAC translocation. CapZ dynamics and PTMs
were increased with constitutively active PKCe (caPKCeg) expression, but diminished
with dominant negative PKCe (dnPKCeg), suggesting that CapZ dynamics can also be
regulated by PKCe and CapZ phosphorylation. The inhibitory effects on PTMs and
dynamics of CapZ by dominant negative PKCe were counteracted by MGCD0103,
suggesting acetylation overrode the increased CapZ dynamics. Together the acetylation
of CapZ reduces the capping property and may increase thin filament assembly.

Interestingly, PTMs of endogenous CapZB1 were also elevated in failing human heart
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SUMMARY (continued)

compared to normal human ventricular tissue, suggesting the involvement of PTMs in

human heart disease.

This thesis has yielded new information about how CapZ capping responds to
mechanical strain and neurohormonal stimulation when myocyte growth occurs.
Altogether, results suggest the involvement of two major signaling pathways. These
signals are the phosphorylation mediated by PKCe and the acetylation mediated by
Class | HDACs. These pathways play important roles in the regulation of CapZ capping
and thin filament assembly for the remodeling of the myocytes. Furthermore, this
alteration of CapZ capping can occur shortly after mechanical strain and might enable
the myocytes to respond quickly to stimulation. The approach is to use failing human
heart in addition to cultured NRVMs stimulated for growth. The understanding of these
pathways in exercise and chronic disease provides a potential therapeutic target for

hypertrophic heart failure.
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[. INTRODUCTION

A. Fundamental Aspects of Cardiac Hypertrophy

i Overview

The heart is a dynamic organ that can change its size and shape in response to
different systemic demands. Cardiac remodeling with increased work usually leads to
hypertrophy, broadly characterized as an increase in heart mass. Given the fact that
ventricular cardiomyocytes constitute up to 70-80% of heart mass (Zak, 1984; Popescu,
2006), one might suspect that the division and proliferation of myocytes account for the
increase mass. However, myocytes lose the ability to divide shortly after birth, with very
low level of DNA synthesis rate (Soonpaa, 1996; Nakagawa, 1998), indicating the
enlargement of heart is primarily due to increased myocyte size, not in number. As for
the morphological classification, the classic division is into concentric or eccentric
hypertrophy (Grossman, 1975; Katz, 2010). Concentric hypertrophy is the increased
heart mass with increased wall-thickness and increased myocyte diameter. In contrast,
eccentric hypertrophy is characterized by increased chamber volume with thin walls and
elongated cells (Figure 1).

Cardiac hypertrophy can be either beneficial or detrimental. Exercise or pregnancy-
induced remodeling is beneficial, usually referred as physiological cardiac hypertrophy.
It is characterized by enhanced cardiac function and increasing muscle mass and a
proportional change in diameter and length of the cardiomyocytes (Figure 1). However,
cardiac hypertrophy can become pathologic due to maladaptation in cardiac diseases.
In the human, there is a slow progressive decline in ventricular performance over many

years after an initial cardiac event, ultimately leading to loss of cardiac output and

1
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Figure 1. Variation of the sarcomere amount and heart morphology in cardiac
hypertrophy. Left: sarcomere arrangement; right: heart morphology to represent left
ventricular cross section. During hypertrophy, a myocyte can increase its volume in
either width or length. It can be lengthened by the addition of sarcomeres in series,
which occurs in eccentric hypertrophy. It can be widened by the addition of sarcomeres
side-by-side in parallel, leading to concentric hypertrophy. The addition of sarcomeres
can also be proportional, resulting in physiological hypertrophy.



death. Physiological hypertrophy and pathological hypertrophy are different structurally,

functionally and metabolically as described in the following sections.

il. Physiological Hypertrophy

Physiological hypertrophy refers to the proportional postnatal heart growth in response
to the increased work load. This growth occurs as a child ages, an adult exercises or a
woman is pregnant. In some situations, mechanical loading of the cells leads to the
secretion of hormones and neurotransmitters, which also mediate the growth and
contraction of myocytes. Thus, it is hard to distinguish the effects of “mechanical
stimulation” and “neurohormonal stimulation” on the heart. Physiological hypertrophy is

beneficial to heart function with the proportional increase of myocyte width and length.

Different kinds of exercise lead to different heart shapes (Pluim, 2000). In endurance
training such as swimming and long distance running, vascular resistance is diminished,
producing increased cardiac output with mildly increased pressure. This leads to
eccentric hypertrophy with increased chamber volume but no significant changes of
wall-thickness / chamber volume ratio. In contrast, in strength training such as weight
lifting, compression of blood vessels combining with a pressor response leads to
intermittent elevations in blood pressure but only mildly increased cardiac output
(MacDougall, 1985). This increases wall-thickness with less chamber enlargement and
is more like concentric hypertrophy. The hearts of pregnant women generally share
similar physiologic features with the endurance trained athlete because the fetus places

additional demands for cardiac output. But with vast differences of hormone (e.qg.,



estrogen) and metabolites in pregnancy, the hearts of pregnant women have other

distinct features as reviewed (Li, 2012).

In physiological hypertrophy, there are increases in angiogenesis to provide oxygen and
nutrients. There are also increases in the fibrillar collagen network for mechanical
support to the myocytes. The functions of myocytes in physiological hypertrophy are
maintained, but total cardiac output is increased and myofibril mass is greater.
Importantly, the enlargement of heart muscle in physiological hypertrophy is a
“reversible” adaptation, in which muscle mass can return to the baseline after the

cessation of stimulation (Moulopoulos, 1968; Forfar, 1982).

ii. Pathological hypertrophy

Pathological growth of myocytes occurs in response to stress or disease. Pathological
hypertrophy can be concentric or eccentric (Grossman, 1975; Katz, 2010). The general
understanding is that concentric hypertrophy is produced by chronic pressure overload,
such as hypertension caused by increased peripheral resistance or aortic stenosis. In
contrast, eccentric hypertrophy occurs with chronic volume overload (e.g., aortic
regurgitation). Pathological hypertrophy is accompanied by loss of myocyte function.
For example, after an infarct, loss of oxygen to the tissue results in myocyte death from
apoptosis or necrosis. The remaining myocytes need to contract harder to compensate
for the lost function of the dead cells. Therefore, the increased workload leads to

hypertrophy of the surviving myocytes.



A newer classification of cardiac hypertrophy uses the terms hypertrophic (HCM) and
dilated cardiomyopathy (DCM), which are based on the different chamber abnormalities
of the heart. HCM refers to the widening of the myocytes leading to a thicker ventricular
wall of the myocardium. DCM refers to the elongation of the myocyte leading to thinning
of the wall and enlargement of the left ventricular chamber volume. Thus, HCM and
DCM typify the features of concentric and eccentric hypertrophy, respectively. Besides
mechanical stress, genetic mutations of contractile proteins in the sarcomere such as
the troponin complex or myosin binding protein-C also leads to HCM or DCM (Kndll,
2012; Lu, 2013). The exact mechanisms leading to HCM or DCM are still not fully

understood.

The enlargement of the myocardium in pathological hypertrophy is initially a
compensatory response, but sustained pathological hypertrophy progresses slowly to
heart failure. In pathological conditions, different neurohormonal factors such as
norepinephrine (NE) and endothelin 1 (ET-1) are secreted (Arai, 1995; Rapacciuolo,
2001), stimulating G protein-coupled receptor signaling cascades (Bernardo, 2010). The
downstream pathways, including MAPK, PKC, Gp130/STAT3 and HDACSs, play a
crucial role in gene expression (Frey, 2003). The structural features of pathological
hypertrophy are also distinct from physiological hypertrophy. In the case of cardiac
hypertrophy after myocardial infarction, because of cell death and loss of myocytes, the
space of dead cells is filled by increased fibrotic connective tissue. These scars stiffen
the myocardium. This not only impedes the contraction and relaxation of myocytes, but

also blocks angiogenesis.



iv. Metabolism in Cardiac hypertrophy

In terms of cardiac metabolism, physiological hypertrophy maintains a similar ratio of
fatty acid and glucose oxidation, but with enhanced amount per unit mass of whole
heart for the increased demand (Gertz, 1988). The metabolism of pathological
hypertrophy is also altered. Instead of using both fatty acid oxidation and glycolysis for
the major sources of ATP synthesis as in normal conditions (van der Vusse, 1992),
pathological hypertrophy heart mostly relies on glucose metabolism (Allard, 1994;
Christe, 1994; Depre, 1998). This is because of the down-regulation of two pivotal
regulators of fatty acid oxidation, peroxisome proliferator-activated receptor alpha
(PPARa) and peroxisome proliferator-activated receptor gamma co-activator-1 (PGC-1)
(Barger, 2000; Sihag, 2009). Carnitine-palmitoyl transferase 1 (CPT1), which facilitates
fatty acid transport into the mitochondria, is also down-regulated (Sorokina, 2007). In
contrast, hypertrophy also enhance the activity of AMP-activated protein kinase (AMPK),
a key regulator for the translocation of glucose transporters to the plasma membrane,

leading to increased glucose uptake and glycolysis (Tian, 2001).

B. Sarcomere Structure and Functions

Myocyte growth in cardiac hypertrophy occurs by assembly of sarcomeres into
myofibrils. Thus, it is important to have a general understanding of the sarcomere
structure. The basic structural unit, the sarcomere, performs the contractile function.
The word “sarcomere” is composed of two Greek words “sarc” and “meros”, meaning

“flesh” and “part.” Thus, sarcomere means “the basic unit of meat.” The sarcomere has



highly organized, anisotropic filaments at the ultrastructural level. The early observation
of the sarcomere came from seeing striations with light microscopy. There is a regular
repeating structure limited by two dark Z-lines, between which are the I-band (for
isotropic), A-band (for anisotropic) and H-zone (from the German "heller", brighter)
(Eisenberg, 1983). The distance between the two Z-lines, along with the width of I-Band
and H-zone, varies throughout the cycle of muscle contraction. Electron microscopy
shows that the A-band corresponds to the full length of thick (myosin) filaments, and I-
band corresponds to the thin (actin) filaments interdigitating with the thick filaments
(Figure 2A). Sir Andrew F. Huxley established the sliding filament theory of muscle
contraction and it is now the well-accepted model of contraction (Huxley, 1957) (Figure
2A). Biochemical methods identified the muscle proteins of myosin and actin and
subsequently proved that cross bridges of the myosin head could interact with actin
using ATP to provide the force for sliding. The contraction of cross-bridge with actin is a

calcium-dependent cycle that is consuming ATP (Weber, 1973) (Figure 2B).

i. The Thin and Thick Filament

a. Thin filament

The thin filament has a diameter of 6-10 nanometers and is composed mainly of the
actin. The actin filament is formed by the addition of a long series of actin monomers.
Thin filaments belong to the cytoskeleton found in all cells. In myofibrils, actin
monomers form two helical chains that wind around each other. Each single strand of

the actin filament repeats
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Figure 2. Sliding filament model of muscle contraction and the cross-bridge cycle.
(A) During muscle contraction, the thick (myosin) filaments pull the thin flaments toward
the center of the sarcomere. When the thin filaments slide over the thick filaments, the I-
bands and H-zones become shorter and eventually disappear. During Muscle
Relaxation, the thick filaments release the interaction with thin filaments, and slide back
to their relaxed positions. I-bands and H-zones are widened again. (B) Cross-bridge
cycle. 4 to 1: ATP binds to the myosin head, releasing the cross-bridge; 1 to 2: ATP is
hydrolyzed to ADP and Pj, leading to the “cocking” of the myosin head; 2 to 3: Myosin
attaches the actin filament; 3 to4: ADP and P;are released. The myosin head twists

and bends, pulling the attached actin myofilament ahead.



approximately every 7 monomers in 35 nm (Figure 3A). Besides the actin filaments, the
thin filament also contains some very important regulatory proteins. The first protein is
tropomyosin, which is a filamentous protein that folds into the helix structure of the actin

filament. Each tropomyosin has a pseudo-repeat in the sequence, allowing its binding to

7 actin monomers. During the resting state, tropomyosin blocks the myosin binding site

of actin, preventing the actin-myosin interaction and the formation of a cross-bridge.

The second regulatory protein component is the globular troponin complex (troponin |,
troponin T and troponin C), which permits structural changes with tropomyosin in the
presence of calcium to expose the myosin binding site for actin. Thus, the muscle
contraction occurs only when there is an elevated calcium concentration in the
sarcoplasm, unblocking the inhibitory effects of troponin on actin-myosin binding and
activating the power stroke. The role of troponin was established by Ebashi in the 1970s
(Ebashi, 1974), and the structural basis of the troponin complex has been extensively
studied since then. For example, the phosphorylation of troponin | subunit on various
sites is widely known for mediating myofibrillar maximum tension and sarcomeric
responsiveness to calcium (Solaro, 2010). Recently, findings suggest that troponin |
phosphorylation might be also related to thin filament assembly and cardiac metabolic

signaling networks (Solaro, 2013).

b. Thick filament

The thick filament has a diameter of about 14-16 nanometers and is composed mainly
of myosin molecules. Myosin belongs to the motor protein family, meaning it consumes

energy to perform a motor function. The myosin molecule in the thick filament typically
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Figure 3. Actin thin filament and myosin thick filament structure. (A) Display of the
actin thin filament (green) along with tropomyosin (orange) and troponin (yellow). (2)
Top: Single myosin filament contains 2 head chains (red), 2 essential light chains (ELC,
yellow) and 2 regulatory light chains (RLC, blue). Bottom: the arrangement of the
myosin filament in the thick filament and its interaction with the actin filament.
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has three different pairs of subunits: the heavy chain, the essential light chain (ELC) and
the regulatory chain (RLC) (Figure 3B). The C-terminal of the heavy chain forms a
coiled-coil tail of two myosin molecules. RLC and ELC are located at the “neck” of the
myosin molecule, and provide regulatory function and structural stability (Hernandez,
2007; Scruggs, 2009; Kamm, 2011). The N-terminal of the heavy chain forms the two
globular heads of a myosin molecule, which is the region that can interact with actin and
form the cross-bridges between the thin and thick filaments. This catalyzes the ATPase
activity of myosin leading to a conformational change of angle of the globular head that
pulls against the actin filament with the consumption of ATP. It is a cyclic response of

myosin only present when ATP and actin are available (Figure2B and 3B).

One distinctive feature of the myosin filament in striated muscle is that all myosin
molecules are oriented with respect to the Z-disc, with the globular head pointing out
towards the Z-disc and the C-terminal coiled-coil region binding to each other at the
central region (Figure 3B). When the cross-bridge reacts, the globular heads of the
myosin filament pull the adjacent actin filaments in the opposite direction toward the

central region, leading to the “contraction” of the myofibril.

Contractility of the myofilaments is modified during hypertrophy with the most
straightforward idea being the modulation of myosin motor functions. The switching of
myosin heavy chain isoforms (from alpha to beta) and the mutations of myosin essential
light chain (ELC) and regulatory light chain (RLC) have been extensively explored
(Nakao, 1997; Hernandez, 2007; Scruggs, 2011). Also, alterations of the interaction of
the troponin complex to the myosin filament is of great importance. The phosphorylation

of the troponin | subunit on multiple sites modifies its calcium sensitivity with direct effect
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on the contractile function of the myofibrils (Solaro, 2010). Troponin | also appears to
perform a similar isoform switch from cardiac isoform (cTnl) to slow skeletal muscle
isoform (ssTnl) under metabolic stresses (Pound, 2011). However, the assembly of
myofilaments during cardiac hypertrophy is a very poorly understood field. Since the
process of myofibrillogenesis has been hypothesized to start with a stress fiber-like
actin filament structure as templates for the assembly of myofibrils (Sanger, 2006; Ono,

2010), our lab mainly focuses on the assembly of sarcomeric actin filaments.

il. Z-disc

The Z-disc, also called Z-line or Z-band, defines the lateral boundaries of the sarcomere
from the German word Zwischen (between). The name “Z-disc” comes from its disc like
shape determined by electron microscopy. There had been a long debate about the
structure of the Z-disc, which was originally thought to be a transverse membrane
structure across the fiber (the “Krause membrane”; Huxley, 1955). It was not until the
invention of the electron microscope that more structural information of the Z-disc was
revealed. In 1962, Knappeis & Carlsen did the first significant structural analysis that
showed that the Z-disc was actually where the thin filaments extend out in opposite
directions (Knappeis, 1962). In 1990, two structural states of the Z-disc were obtained at

rest and in contraction (Goldstein, 1990).

The Z-disc is a very complex structure where the barbed ends of the actin filaments of
the adjacent sarcomere come in and are cross-linked by a-actinin (Suzuki, 1976).

Besides a-actinin, many different proteins have also been found in the Z-disc (Pyle,
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2004). Since the Z-disc is associated with so many proteins, it may mediate myocyte

function in the several ways.

a. Structural support

The Z-disc is associated with titin (Gregorio, 1998), desmin (Clark, 2002) and nebulin
(Pappas, 1998). Titin is a giant muscle protein, spanning half the length of the
sarcomere from the Z-disc to the M-band (center of the thick filament). Titin provides the
mechanical basis for the elastic recoil of the myofibrils on relaxation. Nebulin is known
for its function of maintaining actin filament length (Witt, 2006). Desmin is an
intermediate filament found in many cells. Desmin surrounds a myofibril at the periphery
of the Z-disc and provides a lateral linkage for the alignment of one myofibril to the next
one (Clark, 2002). Thus, the connection of the Z-disc with these proteins is crucial for

the mechanical stability of muscle.

b. Mechanotransduction

As mentioned above, cardiac function is modified in response to altered mechanical
loading. The Z-disc plays an important role in the mechanosensing of a myocyte to
mechanical stimulation. One well-studied mechanosensing protein in the Z-disc is titin.
The region of titin in the Z-disc is a “nodal point” for mechanosensing. Telethonin (also
known as “Tcap”) is a 19 kDa protein found in the Z-disc that binds the N-terminal
portion of titin (Zou, 2006). Recently, it is found that maladaptation to biomechanical
stress in the heart is associated with telethonin deficiencies in mouse and human hearts
(Kndll, 2011), suggesting it might play a pivotal role in the mechanosensing complex

with titin and other Z-disc proteins.
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The muscle LIM protein (MLP) is also found in the Z-disc and is a mechanosensing
molecule. MLP is a nucleocytoplasmic shuttling protein that also binds a-actinin in the Z-
disc (Henderson, 2003). When MLP is translocated to the nucleus, it binds myoD,
myogenin, and MRF4 to initiate transcription of contractile proteins (Kong, 1997). Our
lab has found that mechanical strain or neurohormonal hypertrophy induced nuclear
translocation of MLP, suggesting that shuttling of MLP plays a crucial role in myocyte
remodeling and hypertrophy (Boateng, 2007 and 2009). Furthermore, MLP also binds to
telethonin (Knoll, 2010), making it possible that MLP and telethonin are part of a

mechanosensing complex on the N-terminal end of titin in the Z-disc.

c. Actin assembly

The regulation of actin assembly in cells is complex and includes many actin binding
proteins (Alberts, 2008). Actin assembly into the thin filament starts at the barbed ends

located in the Z-disc, which is regulated by formin, and the capping protein, CapZ.

The formin protein family stimulate actin assembly directly at the barbed end both in
vivo and in vitro (Pruyne, 2002). Formins usually dimerize to be functional with two FH2
domains forming a donut-like structure that wraps around the actin filament and controls
its processive elongation. FH1/FH2 domain-containing proteins, FHOD1 and FHOD3,
are sometimes classified as Diaphanous-related formins (DRFs). FHOD1 was first
discovered in the spleen (Westendorf, 2001) and later FHOD3 was found in the heart,
kidney and brain (Katoh, 2004). Two isoforms of FHOD3 exist, and the heart contains

only the larger one (Kanaya 2005, Ehler 2010). This cardiac specific FHOD3 is localized
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to the Z-disc and is required for myofilament maintenance in cardiomyocytes (Taniguchi,
2009; Iskratsch, 2010). FHODS3 can be activated by the Rho-kinase pathway,
suggesting myofibrillogenesis during myocyte growth is initiated through the activation

of FHOD3 (Iskratsch, 2013).

In contrast to formin, CapZ slows actin polymerization down. Like many molecules in
living cells, there is a rate of exchange of old protein off an organelle and new one on to
it. This on / off rate can be measured to determine the dynamics of the exchange. Our
lab has reported that CapZ exchange rate is elevated with neurohormonal hypertrophy
(Hartman, 2009). This thesis studies the regulation of CapZ dynamics under mechanical
stimuli. The structural basis of CapZ, and its interaction with the actin filament are

introduced in depth in the following section.

C. CapZ Structure and Function

The actin capping protein (CP) was first discovered in the 1960s by Maruyama and
colleagues, but was initially named B-actinin (Maruyama, 1965). They reported that
increasing the concentration of CP decreased the lengthening of F-actin polymers in
vitro. In 1980, CP was first purified to homogeneity, and found to be composed of two
major subunits close to 30kDa in size that pair to cap the barbed end of actin filaments
(Isenberg, 1980). The dimeric CP binds to the barbed ends of the actin filaments,
stabilizing them, and slowing down polymerization and depolymerization (Cooper, 1985;
Caldwell,1989). In 1986, CP in muscle cells was discovered, and was named as “CapZ”

because of its localization to the Z-disc (Casella; 1986).
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i CapZ Subunits and Isoforms

CapZ is a mushroom-like heterodimeric protein composed of a and 3 subunits (Figure
4A). The a1 and a2 isoforms are found throughout many tissues though their
expression varies widely, and the a3 isoform is specific to the testis. In cardiac tissue,
the ratio of a1 to a2 is approximately 1.2 to 1 (Hart, 1997). The B1 and B2 isoforms are
also found in various tissues, with B3 isoform specific to the testis. Because each 3
isoform is generated through alternative splicing, they contain great sequence similarity.
The B1 and B2 isoforms share exactly the same sequence except for the C-terminus (31
is 31 amino acids, B2 is 26 amino acids). 33 is identical to 2 with the addition of 29
amino acids at the N-terminal (Hug, 1992; Schafer, 1994; von Bulow, 1997) (Fig 4B).
The B1 and B2 isoforms have distinct tissue specificity and subcellular locations
(Schafer, 1994). The B1 isoform is highly expressed in muscle tissue with a ratio of 1
to B2 approximately 2:1, whereas the 32 isoform is predominately expressed in non-
muscle tissue (Schafer, 1994; Hart, 1997, Hart, 1999). Furthermore, the 1 isoform
localizes to the Z-disc in striated muscle, whereas the 2 isoform localizes to the
intercalated discs and plasma membrane (Schafer, 1994). Overexpression of the 1
isoform in cardiac tissue leads to disruptions in the intercalated discs, and
overexpression of the 32 isoform leads to deformation of myofibril architecture (Hart,

1999).
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Figure 4. CapZ structure and sequence conservation. (A) Crystal structure of
CapZa/B heterodimer. CapZa: grey; CapZ: green. (B) CapZp isoform sequence
comparison. There are a 246 amino acids conserved core region of all isoforms, a
unigue 31 amino acids C-terminal extension of the 1 isoform, a common 26 amino
acids C-terminal extension of B2 and 33 isoforms and a unique 29 amino acids N-
terminal extension of the 33 isoform.
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il. CapZ Structure and Actin Capping

In 2003, Yamashita et al. proposed that the CapZ a/f is a mushroom-like heterodimeric
protein (Figure 4). The two subunits have a similar secondary structure, leading to the
pseudo-two-fold axis of rotational symmetry (Yamashita, 2003). The C-terminus of both
a and B subunits have amphiphilic a-helices (helix 6) which bind to the hydrophobic cleft
of actin. The hydrophilic sides of the C-terminus have isoform specific charge
distributions and may be involved in isoform tissue specific recognition (Yamashita,
2003). Thus, the two C-termini of CapZ are hypothesized to govern both actin binding
and specific protein targeting. Furthermore, when CapZ binds to F-actin by only its -
tentacle, the molecule is able to ‘wobble’ because of the flexible structure. Therefore,
this may expose additional binding sites for other regulatory molecules (Kim, 2007).
Data suggest that CapZ is intrinsically flexible allowing it to interact with the barbed-end
of actin in both a high and low affinity state (Taketa, 2010), while the two C-termini are
necessary for high-affinity actin binding (Wear, 2003; Kim, 2010). Modifications and
mutations affecting the C-terminal binding region vastly reduce the actin capping ability
(Kim, 2010).

In 2006, based on affinity and x-ray crystallography studies, Narita et al. proposed a
“two-step” model: (i) the basic residues on the a tentacle and surrounding region (on
helix 5) interact electrostatically with the barbed end of actin (ii) a conformational
change of CapZ to a high-affinity form occurs, and (iii) supportive binding of the 8
tentacle strengthens the association (Kim, 2010). Thus, actin filaments might randomly
dissociate from the a subunit C-terminal and only be connected to CapZ by the 3

subunit C-terminus. The flexibility of B tentacle would permit the body of CapZ to wobble,
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allowing additional actin monomers to incorporate. Throughout these processes, CapZ
might be regulated by the interaction with other proteins, phospholipids and post-
translational modification. Together, these molecular changes may alter the CapZ

capping properties, eventually affecting actin polymerization rates.

D. Mechanotransduction of the Myocytes

Muscles have a very complex mechanotransduction system since they can not only
receive the mechanical signals from the environment but also generate internal loading
by the contraction of the myofibrils. The study of the mechanotransduction system of the
heart is decades old and is known to depend on wall stress of the myocardium related
to the hypertrophic growth of the heart (Grossman, 1975). The field of mechanics notes
that forces are transmitted throughout an entire structure. Thus, whether forces are
delivered externally or generated internally, all parts of the muscle fibers are
mechanically connected. Based on the location where the mechanosensing occurs, the

mechanosensors can be either at the cell membrane or intracellular.

Cells are exposed during their lifetime to a variety of physical forces. These forces come
from interaction with other cells, to extracellular matrices, to external mechanical stimuli
or even from the forces generated internally by the cross-bridges. Alterations in these
forces, either during development or changes in activity, result in modifications in cell
biochemistry and adaptation in structure and function. The term mechanotransduction
broadly refers to the mechanism by which cells convert mechanical stimulation into

biochemical cellular signals. One primary mechanosensing structure of the cells is a
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“focal adhesion”, which is a large macromolecular assembly on the membrane of cells.
Connection between focal adhesions and the extracellular matrix generally involves
integrins. Integrin is a transmembrane heterodimer (a and 3 subunit) with much variety
based on the different combinations of a and 3 isoforms in different cell types
(Humphries, 2000). Integrins sense the chemical composition and mechanical status of
the extracellular matrix, and convert signals into intracellular chemical pathways,

thereby affecting cell function in response to the environment.

i Mechanotransduction at the Costamere

External forces encountered by cells include membrane stretch, altered adhesion and
increase in pressure. In response to the stimuli, a mechanotransduction system is
necessary. The most important extracellular mechanosensor of the myocyte is the
costamere, which is a rib-like band of the focal adhesion complex that encircles the
myocyte on membrane at the Z-line (Pardo, 1984; Samarel, 2005). The costamere is
comprised of focal adhesions, which are a mechanotransduction apparatus in all cell
types. Similar to the focal adhesions in other cell types, muscle cells have their specific
integrin receptors, with integrins a1B1, a5B1, and a7B1 being the most highly expressed
(Israeli-Rosenberg, 2014). Integrins “sense” the mechanical force from the environment,
activating two major focal adhesion protein complexes: the dystrophin-glycoprotein
complex and the integrin-vinculin-talin complex (Peter, 2011). The activated protein
complex then aids the recruitment and activation of downstream signaling kinases such

as focal adhesion kinase (FAK), Src, Rho-associated protein kinase (ROCK), mitogen-
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activated protein kinases (MAPKSs) and integrin-linked kinase (ILK). Together, this

costamere complex provides the cell response to the mechanical stimulation.

il. Intracellular Mechanotransduction

Since myofibrils provide the structural support as well as the contractile force of the
myocyte, a mechanosensor might also be located inside the muscle fiber. The role of
the Z-disc in mechanotransduction was introduced in the previous section. Another
mechanosensor mentioned above in the sarcomeres is titin. Titin is a giant sarcomeric
protein with very high elasticity and connects to many structural proteins in the
sarcomere. When the cell is mechanically strained, all proteins including titin are pulled.
The extension and deformation of the elastic titin might make several protein binding
sites more accessible. For example, mechanical stretch increases the binding of muscle
ankyrin repeat proteins (MARP) to the titin mechanosensor complexes (N2A) in the I-
band (Miller, 2003). The extension of titin may make the N2A domain more accessible
for MARP. Thus, MARP is activated by its interaction with titin, and can affect
transcription and regulate myofibrillar assembly, cardiogenesis and myogenesis (Kojic,
2011). N2B is another titin mechanosensor complex in the I-band. With mechanical
stimulation, N2B binds with LIM protein 1 (FHL1), which can activate the RAF, MEK1/2
and ERK pathways and induce hypertrophy (Sheikh, 2008). Proteins in the M-line can
also be activated by mechanical strain (Lange, 2005). Titin kinase (TK) is in the M-line
region of the C-terminus of the titin. Activated TK has a significant function of
coordinating the muscle-specific ubiquitination pathways and myofibrillar protein

turnover (Bogomolovas, 2014).
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E. Protein kinase C

The mechanisms of signaling pathways are to transfer information from a detector to a
downstream target. Protein phosphorylation or dephosphorylation of a protein within the
cell is a major end point of signaling. Kinase refers to the enzyme which performs the
phosphorylation of an amino acid, namely serine, threonine or tyrosine. The protein
kinase C (PKC), a serine / threonine kinase, was one of the earliest kinases to be
discovered (Takai, 1977). The PKC family has a variety of isoforms and numerous
downstream substrates. Also, Diacylglycerol (DAG) and phorbol ester are the products
of many cellular reactions and activate PKC, making this signal a wide-ranging and
powerful one (Newton, 1995). Therefore, PKC is important in the regulation of many
cellular processes including survival, proliferation, differentiation, apoptosis and
migration. Later, the phosphatases remove the phosphate allowing the signaling to

begin again (Scruggs, 2011).

i. Protein Kinase C Structure and Isoforms

To date, three families and ten isoforms of PKCs have been identified, expressed by
nine genes (Tarafdar, 2014). The three families are: (1) The ‘classical’ PKCs (cPKC: q,
Bl, BlI, and y), activated by calcium, DAG and phosphatidylserine; (2) the ‘novel’ PKCs
(nPKCs: 9, €, n, @, and y), activated by DAG and phosphatidylserine; (3) the ‘atypical’

PKCs (aPKCs: ¢ and A) that require only phosphatidylserine for activation.

PKCs contain the following conserved domains, as shown in Figure 5.
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Figure 5. Domain structure of the different subgroups of the PKC family. PS: N-
terminal pseudosubstrate domain; C1: DAG / phorbol ester binding domain; C2: calcium
/ phospholipids binding domain; PB1: aPKCs specific domain for the formation of
aPKCs-containing complex; V3: the hinge region; C3 & C4: catalytic kinase domain; V5:
a phosphorylatable region involved in the activation of some isoforms.
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(1) N-terminal PS domain (pseudosubstrate domain): a regulatory domain that interacts
with the kinase domain and blocks kinase activity in the unactivated molecule (House,

1987).

(2) C1 domain (DAG / phorbol ester binding domain): a cystine-rich domain that
provides the ability to bind diacylglycerol / phorbol esters, with the C1b segment being
critical for this function. C1 domain has a tandem repeat: Cla and C1b, which both
presents in cPKCs and nPKCs. aPKCs do not have C1lb, so that their C1 domain is not

accessible to DAG or to phorbol esters.

(3) C2 domain (calcium / phospholipids binding domain): the domain with aspartate-rich
residues that confers the ability to bind calcium. nPKCs do not have the calcium binding
site, so that they only need phospholipids for activation. aPKCs do not have C2, so that

they do not need both (calcium and phospholipids) for activation.

(4) PB1 domain: only aPKCs contains PB1, helping the formation of aPKCs-containing

complex that might be related to target specificity (Moscat, 2009).

(5) V3 (hinge region): a hinge region, allowing the auto-inhibition of the PS domain to
interact with the kinase domain. V3 is susceptible to proteolytic cleavage that releases
the auto-inhibition, which can be used to generate some constitutively active isoforms

(Steinberg, 2008).

(6) C3 & C4 domain (catalytic kinase domain): an extremely conserved domain among

all PKCs, so it cannot be used to identify specific isoforms.
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(7) V5 region: a phosphorylatable region, which is involved in the activation of some
isoforms. There is very high variation among all isoforms at the extreme end of the C-

terminal. Therefore, the C-terminus is often used for specific antibody production.

PKCs require a series of phosphorylations to become fully mature and to transduce
their signaling function (Newton, 2003). The phosphorylation regions are on the
“activation loop” in the kinase domain, in the “turn” and in the “hydrophobic” motif in the
V5 region (Keranen, 1995). PKCs that are not phosphorylated at all three locations will
not be ready for activation by the second messengers- diacyl-glycerol (DAG) and
phosphatidylserine (PS) (Zeng, 2012). The exception are the aPKCs, which do not
require the phosphorylation on the hydrophobic motif. The formation of DAG on the
plasma membrane is classically described as the IP3/DAG pathway: phospholipase C
(PLC) hydrolyzes phosphatidylinositol-4,5-biphosphate (PIP-) into inositol 1,4,5-
triphosphate (IP3) and DAG through activation of Gqa receptors, with IP3 being
released into cytosol while DAG remains on the membrane. For cPKC, calcium binds
the C2 domain, targeting it to the plasma membrane. There is the C1 domain which
binds PS and DAG with receptors for activated PKC (RACKSs) (Ron, 1995). RACKs
have high specificity for their substrate PKCs, contributing to the localization and

activation of PKCs (Mellor, 1998).

il. Requlatory Functions of PKCeg in the Heart

PKCe was first discovered among the novel PKC isotypes by cDNA cloning. PKCe can

target to a specific cellular compartment, depending on second messengers and the
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activated adapter proteins in response to extracellular signals (Dorn, 2002). In the heart,
the relative proportions of PKC isozymes have been controversial since different results
were reported in different species. PKCe was initially described as the major PKC
isozyme in the rat heart (Bogoyevitch, 1993). Later, many other PKCs (PKCa, PKC9,
and PKC({) were also found (Mackay, 2001). General consensus now is that two novel
PKC isozymes, PKCe and PKC®9, along with the classic PKCa, are the predominantly
expressed PKCs in human and rodent hearts (Duquesnes, 2011). PKCe enhances
cardiac contractility and remodeling (Deng, 1997; Pi, 2000), and has a cardio-protective
function in pre-conditioned heart (Chen, 2001). Also, transgenic overexpression of
PKCe leads to concentric cardiac hypertrophy (Takeishi, 2000). When activated, PKCe
translocates to the Z-disc (Disatnik, 1994; Dorn, 1999; Robia, 2001). A dominant-
negative mutant of PKCe prevents the assembly of the optimal resting length of the
sarcomere after sustained mechanical strain, suggesting that it has a regulatory role
(Mansour, 2004). Interestingly, in transgenic models of CapZ downregulation, PKC
dependent regulation of myofilament function is abolished, and activated PKCe and
PKCp binding to the myofilament is diminished (Pyle, 2002). Furthermore, alteration of
CapZ dynamics was measured by fluorescence recovery after photobleaching (FRAP)
in neurohormonally stimulated myocytes and shown to alter hypertrophy through PKCe

and PIP, dependent pathways (Hartman, 2009).
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F. Histone Deacetylases

Transcription in eukaryotes is strongly influenced by chromatin and the tight helical
winding of DNA. A histone complex is necessary for this winding, which effectively
blocks gene expression. Post-translational modifications, such as reversible acetylation
of the lysine residues of histone, have long been linked to transcriptional activation
because of the role of histones in DNA winding. The histone deacetylases (HDACSs), the
enzymes that remove acetyl groups from the acetylated lysine residues of histone, were
first discovered by Taunton et al. in 1996. Histone acetylation alters chromatin structure
and gene expression. Therefore, HDACs were generally regarded as transcriptional
repressors and acting only on histones. In 2000, Luo et al. first found that HDAC1 can
also work on a non-histone protein, p53 (Luo, 2000). Later, some HDACs, such as
Class IIlb HDACG6 and SIRT2 (a Class Ill HDAC), were found to be predominantly in the
cytosol and deacetylate the cytoskeletal protein a-tubulin (Hubbert, 2002; North, 2003).
More functions for HDAC activities in the cytosol continue to be reported. Thus, in
hindsight, the term “histone” deacetylase is not correct, and is ought to be renamed

“lysine deacetylase (KDAC)” (Choudhary, 2009).

i Classes, Isoforms and Functional Differences of HDACs

To date, eighteen mammalian HDACs have been identified. They are encoded by
distinct genes and grouped into four classes based on their homology to yeast HDACs,

subcellular localization and catalytic activities (Thiagalingam, 2003) (Figure 6):
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Figure 6. Histone deacetylase (HDAC) classes. HDACs are categorized into four
classes. Class Il HDACs have two sub-classes, lla and llb. Class I, I, and IV HDACs
are zinc-dependent enzymes. Class 1l HDACs are NAD"-dependent.
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(1) The Class | HDACs (1, 2, 3 and 8), homologs to the RPD3 in yeast. They are mostly
in the nucleus and have ubiquitous expression in different human cell lines and tissues
(2) The Class lla HDACs (4, 5, 7 and 9), homologs to the Hdal in yeast. They are able
to shuttle between the nucleus and the cytoplasm. A nuclear localization signal (NLS)
containing arginine / lysine-rich motif can be found in the N-terminal domain of all four
Class Illa HDACs.

(3) The class llb HDACs (6 and 10) are found in the cytoplasm. They are the only
HDACSs that contains two catalytic domains. For example, HDAC6 has an a-tubulin
deacetylase domain targeting the a-tubulin (Hubbert, 2006).

(4) The Class Il HDACs (SIRT1, 2, 3, 4, 5, 6 and 7) are homologs to the Sir2 of yeast.
They are distinct from other HDACs because they need NAD+ for their activities in
response to changes in the cellular redox status.

(5) The Class IV HDAC11, the only member. It shares sequence of the catalytic core
regions (zinc-dependent) with class | and Il HDACs, but does not have enough similarity
to be either of them (Gao, 2002).

The zinc-dependent catalytic activities of Class | and Il HDAC are now used in the
production of HDAC inhibitors, which usually have zinc-chelating functions (Marks,

2010).

il. The Role of HDACs in the Cardiac Hypertrophy

Recent studies reported that manipulating the activities of HDACs in the heart by
transgenic gene deletion and overexpression can mediate the generation of cardiac

hypertrophy:
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a. Class | HDACs mediate hypertrophic pathway:

A cardiac-specific knockout of either HDAC1 or HDAC?2 does not affect the phenotype
of the hypertrophic heart, while the HDAC1 / HDAC 2 double knockout can lead to
dilated cardiomyopathy and heart failure. The need for either HDAC1 or HDAC?2
expression suggests redundant functions, but may play a crucial role in myocardial
growth, morphogenesis, and contractility (Montgomery, 2007). Furthermore, cardiac-
specific HDAC?2 overexpression leads to serious hypertrophy (Trivedi, 2008). Taken
together, Class | HDACs appear to induce the enlargement of the heart through

myofibril growth by activation of the expression of the hypertrophy-related genes.

b. Class lla and Class Ill HDACs are cardio-protective:

The myocyte enhancer factor 2 (MEF) is a transcription factor that is activated in
myocytes by hypertrophic stimulation. Class lla HDACs bind the myocyte enhancer
factor 2, inactivating the downstream hypertrophic responses (Lu, 2000; McKinsey,
2002). Furthermore, gene deletion of Class lla HDACs results in hypertrophy, while
overexpression of them suppresses the MEF2-induced hypertrophy response (Chang,
2005; Backs, 2006). Similarly, overexpression of Class Il HDAC SIRT1 counteracts the
oxidative-stress induced apoptosis, while overexpression causes apoptosis (Alcendor,
2007). Taken together, Class Il and Class Ill HDACs prevent myocytes from

hypertrophy and increase their viability.
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ii. Therapeutic Potential for HDAC Inhibitors in the Heart

Pathological hypertrophy is generally regarded irreversible in cardiac disease, meaning
the downward progress of the hypertrophic heart to maladaptation is almost inevitable
(Frey, 2003). Epigenetic regulation of hypertrophy-related genes to stop maladaptation
by HDAC inhibitors has been a new target in the treatment of heart disease. In recent
years, preliminary trials of HDAC inhibitors in cardiac hypertrophied have made
remarkable achievements: Pan Class I&Il HDAC inhibitors, such as Trichostatin A and
Valproic acid, were shown to have beneficial effects on the hypertrophy heart injured by
transverse aortic constriction (TAC) (Antos, 2003; Cook 2003). However, pan HDAC
inhibitors also blunt the function of Class Il HDACSs, which are cardiac-protective. Thus,
the trial of more Class | specific drugs, such as MGCDO0103 for HDACs1-3, or of BA-60

for HDACs 1-2, needs to be tested further in the hope of achieving a better therapy.

G. Hypothesis and Specific Aims

Cardiac hypertrophy is widely regarded as a general outcome of cell remodeling after
volume or pressure overload, which eventually leads to heart failure. Many subcellular
components in cardiomyocytes are affected by hypertrophic stimulation for which the
contractile filaments are crucial. Thus, the regulation of actin filament assembly by the
actin capping protein (CapZ) needs to be better understood. Furthermore, additional
research is needed regarding the post-translational modification (PTM) of the actin thin
filament capping protein, CapZ, which might lead to the increased thin filament
assembly in hypertrophic hearts. PKCe belong to novel PKCs, and can translocate to

the Z-disc when myocytes are stimulated by hypertrophic agonists. Also, Histone
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deacetylases (HDACSs) are a family of enzymes that can mediate the generation of
cardiac hypertrophy. The approach is to use failing human heart in addition to cultured
NRVMs stimulated for growth. The roles of HDAC3 and PKCe activities in the mediation

of CapZ PTMs and actin capping are explored in living myocytes.

Hypothesis 1. Increased CapZ dynamics reduce the capping property and result

in an increase of actin dynamics, eventually leading to actin filament assembly

during hypertrophy

Specific Aim 1.1. What is the time course of increase of CapZ dynamics in NRVM after

the initial hypertrophic stimulation?

NRVMs are treated for one hour of 10%, 1Hz cyclic strain. The time course of the
increase and recovery of CapZ dynamics is monitored by FRAP of GFP-tagged CapZ in

NRVM after strain.

Specific Aim 1.2. Does initiation of hypertrophic stimulation increase actin dynamics in

NRVM?

The time course of the alterations of actin dynamics is observed by FRAP of actin-GFP
in NRVM. The time course of the alteration of CapZ and actin dynamics is compared to

see how actin dynamics is related to CapZ dynamics

Specific Aim 1.3. Does CapZ dynamics directly affect actin dynamics?
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Adenoviral infection of NRVM with CapZB1AC mutant forces the increase of CapZ
dynamics in NRVM to simulate the initiation of the hypertrophic stimulation. Actin

dynamics is measured by FRAP in these infected cells.

Hypothesis 2. Actin assembly and myocyte growth is requlated via CapZ

phosphorylation mediated by PKCe and by acetylation mediated by HDACs. The

coordination of these two PTMs blunts CapZ capping, leading to thin filament

assembly.

Specific Aim 2.1. To identify the PTMs of CapZ in failing heart tissue or hypertrophic

NRVMs.

2D gel electrophoresis and mass spectrometry are used to identify the sites and types
of post-translation modifications. The goal of this aim is to test whether acetylation and

phosphorylation are crucial in the regulation of protein functions.

Specific Aim 2.2. To test whether PKCe-mediated CapZ phosphorylation alters CapZ

and actin dynamics with myocyte growth after mechanical stimulation.

Adenovirus expressing constitutively active PKCe and dominant negative PKCe are
used to test how PKCe activities affect CapZ and actin dynamics by FRAP. Also, 2D
western blots are performed in NRVMs to test whether CapZ phosphorylation is directly

mediated by PKCe.

Specific Aim 2.3. To test whether HDACs-mediated CapZ acetylation alters CapZ and

actin dynamics with myocyte growth after mechanical stimulation.



Specific HDAC inhibitors are used to test how HDAC activities affect CapZ and actin
dynamics by FRAP. Also, 2D western blot are performed to observe the variation of

CapZ acetylation.

Specific Aim 2.4. How are acetylation and phosphorylation signals coordinated by

CapZ?

The approach is to control acetylation and/or phosphorylation of CapZ as in Specific
Aim 2.2 and 2.3, confirme by 2D DIGE and measure the effects on cell size, actin and

CapZ dynamics.
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II. CAPZ AND ACTIN CAPPING DYNAMICS INCREASE IN MYOCYTES AFTER A
BOUT OF EXERCISE AND ABATE IN HOURS AFTER STIMULATION ENDS

A. Introduction

The heart muscle remodels to the demands of exercise by regulation of the size and
shape of the myocytes. To study mechanisms of cytoskeletal dynamics, myocytes can
be cyclically strained to mimic exercise (Terracio, 1988). Also, hypertrophy resulting
from chronic demands can be mimicked by neurohormones such as norepinephrine
(Fischer, 1965). Hypertrophy requires addition of new sarcomeres controlled by the Z-
disc-associated proteins for addition of actin molecules to thin filaments. Most research
studies several days of cyclic strain or chronic neurohormonal treatment in neonatal
myocytes, but less attention is given to the normal, briefer pattern of activity seen in
physiological cyclic strain as in athletes. Here, a one hour period of activity is applied to
mimic the normal duration of activity and changes are evaluated over several hours

after the stimulation ends.

Sarcomeres are assembled with hypertrophy, which requires the incorporation of the
actin and myosin into the contractile filaments. The actin cytoskeleton in mature muscle
cells is a very stable structural component. Nonetheless, mature sarcomeric actin
filaments in muscle cells incorporate G-actin within minutes, indicating their dynamic
nature (Glacy, 1983; McKenna, 1985). In recent studies, the dynamics of non-

sarcomeric -actin increased in adult cardiac myocytes under neurohormonal
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stimulation (Balasubramanian, 2010), but stimulation of a-sarcomeric actin has not been

explored.

Pressure or volume overloading, such as aortic stenosis or increased peripheral
resistance, initiates cardiac remodeling. When loads are encountered, cardiac myocytes
integrate extracellular, intercellular, and intracellular forces into intracellular signals
through the mechanotransduction pathways (Samarel, 2005; McCain, 2011). However,
the destination for the signaling cascades and how filament assembly and sarcomere
remodeling occur are less well understood. CapZ capping is dynamic, as assessed by
fluorescence recovery after photobleaching (FRAP) of GFP-CapZB1 (Hartman, 2009).
That study also found the dynamics of CapZ were elevated by neurohormonal
stimulation such as phenylephrine (PE) and endothelin-1 (ET1) through a PKC- and a
PIP,-dependent pathway. Also, although calcium signaling plays an important role in
mechanical activation of a myocyte, CapZ is not modified by intracellular calcium

(Kilimann, 1982).

The goal of these experiments using neonatal rat ventricular myocyte (NRVM) in culture
is to find how CapZ regulates sarcomeric actin filament remodeling with cyclic strain and
how this returns to baseline after stimulation ends. The hypothesis is that 1 hour of

mechanical stimulation is sufficient to regulate actin dynamics by CapZ in NRVM, which
returns to the control level over time. First, the dynamics of CapZ in NRVM are analyzed

after 1 hour of cyclic mechanical strain, and the time course is tracked for the next 3
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hours. Second, the dependence of actin dynamics on CapZ is measured. Finally, a

CapZ B tentacle mutant determines its role in both CapZ and actin dynamics.

B. Materials and methods

I Cell culture

Primary heart cultures were obtained from neonatal rats according to Institutional
Animal Care and Use Committee and National Institutes of Health guidelines for the
care and use of laboratory animals. Hearts were removed and cells were isolated from
1- to 2-day-old neonatal Sprague-Dawley rats with collagenase (Worthington), as
previously described (Boateng, 2003). The cells were re-suspended, filtered through a
metal sieve to remove large material, and plated at high density (1,000 cells / mm2) in
PC-1 medium (Biowhittaker / Cambrex) on fibronectin coated (25 pg / ml) FlexCell
silicone membranes (200,000 cells/cm?2). Cells were left undisturbed for 24 hours in a
5% CO, incubator. Unattached cells were removed by aspiration, and PC-1 media was

replenished. Cells were left in incubator for another 24 hours before the experiment.

ii. Cyclic mechanical strain

Seventy-two hours after cell isolation, with or without viral infection, cyclic mechanical
strain was generated with a Flexcell Strain Unit (model FX-4000, Flexcell International,
Hillsborough, NC). NRVMs were strained at 10% elongation biaxially at 1 Hz

sinusoidally for 1 hour in PC-1 medium. Strain magnitude, time, and waveform were
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user-assigned to the system that controls vacuum pressure to deliver calibrated strain

values to available elastic substrates housed in the incubator.

iii. Neurohormonal hypertrophic stimulation

Control cells were either stimulated or left unstimulated before photobleaching. The

neurohormonal treatment times chosen were sufficient to induce hypertrophy (Hartman,
2009; Simpson, 1983). Phenylephrine (10 uM, Sigma-Aldrich) treatment was for 4 or 24
hours before FRAP analysis. Norepinephrine (20 uM, Sigma-Aldrich) treatment was for

24 or 48 hours before FRAP.

iv. Adenovirus

Forty-eight hours after cell isolation, recombinant adenoviruses used are GFP-CapZ{31
and GFP-CapZf1 with the C-terminal deletion (GFP-CapZB1AC). NRVMs were infected
with CapZp1 (MOI 20) or CapZB1AC (MOI 20) for 60 min at 37°C diluted in PC-1

medium. Viral medium was then replaced with virus-free PC-1 medium for 24 hours.

V. Actin-GFP and actin-RFP expression

Forty-eight hours after cell isolation, actin-GFP and actin-RFP expression were induced
by CellLight Reagents BacMam 2.0 actin-GFP or actin-RFP (Invitrogen). Two days after

NRVM isolation, appropriate volume of CellLight Reagent (30 ul / 1,000,000 cells) was
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used as modified from the manufacturer's instructions. Infected NRVMs are returned to

the culture incubator for at least 16 hours.

Vi. Immunostaining and confocal microscopy

NRVMs were washed with PBS, fixed with 4% paraformaldehyde (Sigma Aldrich) for 10
min, placed in cold 70% ethanol, and stored at —20°C until immunostaining. Cells were
rehydrated in PBS (Sigma Aldrich) for 10 min. After rehydration, cells were incubated on
a shaker table in 1% BSA in PBS for 1 hour at 25°C. Primary a-actinin (AbCam)
antibody was diluted (1:250) in 1% BSA in PBS. The antibody was allowed to incubate
on a shaker table at 4°C overnight. Cells were then rinsed in PBS at 25°C and blocked
in 1% BSA in PBS for 1 hour at 25°C. Secondary antibody (Molecular Probes) was
diluted at a ratio of 1:500 in 1% BSA in PBS and incubated for 1 hour at 25°C. Cells
were washed in PBS. Anti-fade reagent with DAPI (Molecular Probes) was added, and

cover slips were mounted on glass slides.

vii.  Analysis of fluorescence recovery after photobleaching

FRAP analysis was referred to previous publications (Li, 1999; Sprague, 2004). For
FRAP of GFP-CapZB1, up to ten beating and well-striated cells (as evidenced by GFP-
CapZp1) were randomly selected for each FRAP. The intensity of the region of interest
(Irap) was observed both before (tp) and immediately after (t1) bleaching at full power,
and intermittently every 2 min with lower excitation power (1~3%) and 800~1000 msec

duration until the end of the 15 min. Further details are given in Table I. Images were
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analyzed using Zeiss Imaging Browser. Plotted intensity values are given as a
percentage of the difference between lap (to) and liap (t1). Binding of CapZ to the actin
filament has two binding states (30), so FRAP curves of CapZ were fit using non-linear
regression in OriginPro (OriginLab, Northampton, MA):

|frap (t) =1 _Cle—Kofflt _Cze—Kofth (1)
The average kinetic constant (Ky4p) for dynamics was calculated using the following
formula:

Kfrap = C1Koti1 +CoK ot (2)

For FRAP of actin-GFP and actin-RFP, the intensity of the region of interest (lfap) Was
observed both before (tp) and immediately after (t1) bleaching at full power, and
intermittently every 10 sec (actin-GFP) or 20 sec (actin-RFP) with lower excitation
power (1~3%) and 800~1000 msec duration until the end of the 8 min, referred to the
recovery time of actin-GFP (28). Further details are given in Table II. Since actin binding
activity has one-binding state (Pollard,1981), the equation for curve fitting using non-
linear regression in OriginPro was:

lrap (t) =1 _Cle—Kofflt 3)
The average kinetic constant (Kap) was calculated using the following formula:

Kfrap = C1Kofr1 (4)

viii. Data analysis

Data were presented as means = SE. For FRAP assays, the sample number was

defined as individual cells, of which one to five cells were analyzed per culture in at
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least three separate cultures analyzed per experimental condition. Statistical
significance was determined for FRAP curves by Student's t-test. Significance was

taken at P < 0.01 or P < 0.05 as indicated.

C. Results

i Effects of cyclic mechanical strain on sarcomeric CapZ dynamics.

A To test the potential of mechanical stimulation to induce thin-filament remodeling, the
dynamics of the CapZ was measured by FRAP in NRVMs with or without 1 hour of 1-Hz,
10% cyclic strain (Fig. 7, A and B). Within 1 hour after cyclic strain, the FRAP profile
was altered significantly (Fig. 7C). The kinetic constant (Ksap) gained from the results of
curve fitting (Eq. 2) was significantly increased by ~80% within 1 hour after cyclic strain
(Figure 7D and Table 1) compared with nonstrained cells. The increased CapZ31
dynamics abated after cessation of cyclic strain and returned to the control level by 2

hours after the end of strain (Figure 7D).

ii. Effects of cyclic mechanical strain on sarcomeric actin dynamics

Because of the role of CapZ in the regulation of actin filament assembly, the dynamics
of the sarcomeric actin may also be altered. NRVMs infected with actin-GFP fusion
protein showed the striated pattern, permitting dynamics of sarcomeric actin to be
tested by FRAP (Figure 8, A and B). The profile of recovery of actin-GFP fluorescence
is changed at the end of 1 hour of cyclic strain (Figure 8C). The kinetic constant (Kap)

of actin-GFP gained from the results of curve-fitting (Eq. 4) is significantly increased by
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Figure 7. Time course of CapZB1 dynamics after cyclic mechanical strain.
Neonatal rat ventricular myocytes (NRVMs) infected by GFP-CapZ[31 were either
unstrained or subjected to 1-Hz cyclic 10% strain for 1 hour. A and B: confocal images
of GFP-CapZB1 with FRAP shown before bleach (0 s), after bleach (2 s), and 15 min
later in cells in the following conditions: A, unstrained with resting spontaneous beating
or B, 1 hour after cyclic strain has ended. Region of interest (ROI) shown as dashed
white boxes (3.75 um x 3.75 uym). Inset: higher magnification images of area delineated
by the solid white boxes in the lower magnification image. C: fluorescence recovery
after photobleaching (FRAP) of GFP-CapZB1 as a percentage of prebleach intensity
with unstrained control (dashed line, Non-S) and within 1 hour after cyclic strain ended
[solid line, S (0—1 h)]. D: Ksap values for CapZB1 normalized to unstrained cells; 0 to ~1
hour (n =5), 1 to ~2 hours (n = 4), and 2 to ~3 hours (n = 4). Values are means * SE.
*Significant difference (P < 0.01).
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Figure 8 Time course for actin dynamics after cyclic mechanical strain. NRVMs
infected by actin-GFP were either unstrained or subjected to 1-Hz cyclic 10% strain for
1 hour. A and B: confocal images of actin-GFP with FRAP shown before bleach (0 s),
after bleach (2 s), and 8 min later in cells in the following conditions: A, unstrained with
resting spontaneous beating B, 1 hour after cyclic strain has ended. Regions of interest
(ROls) are shown as dashed white boxes (3.75 x 3.75 ym). Inset: higher magnification
images of area delineated by the solid white boxes in the lower-magnification image. C:
FRAP of actin-GFP as a percentage of prebleach intensity with unstrained control
(dashed line, Non-S) and within 1 hour after cyclic strain ended [solid line, S (0-1h)]. D:
Kfrap Values for actin-GFP normalized to unstrained cells; 0 to ~0.5 hour (n = 6), 0.5 to
~1 hour (n=5),1to~1.5hour (n=4),1.5to ~2 hours (n =8), and 2 to ~3 hours (n =7)
after strain were compared. Values are means + SE. Significant difference: *P < 0.01;
#P < 0.05.



Table Il - Comparison of parameters for actin-GFP with or

without cyclic strain
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Curve fitting data: l¢,p(t) =1 - C1e

Kfrap = C1Koff1

-Kofflt

Non-S

5(0-0.5h)

S(0.5-1h)

S(1-1.5h)

S(1.5-2h)

S(2-3h)

cl( X10-1) Koffl( XI0-4) Kfrap( X10-4) n
(sec?) (sec?)
7.36+£0.20 6.36 £ 0.56 4.67 £0.39 13
6.70 £ 0.37 11.0+1.66* 7.36 +1.09* 6
7.84 £0.37 9.19 + 1.45" 7.20+1.12% 5
7.51+£0.49 8.90 +0.12" 6.67 + 0.86* 4
7.05+0.43 7.19+1.13 5.04 +£0.77 8
7.14+0.14 6.29+1.13 451 +0.81 7

ltrap, fluorescence intensity; t, time (sec); Cy, equilibrium coefficient for 1** binding
state; Ky, kinetic constant for 1% binding state; Non-S, Non-strain; S(0-0.5h), O-
0.5 hour after strain; $(0.5-1h), 0.5-1 hour after strain; S(1-1.5h), 1-1.5 hour after
strain; S(1.5-2h), 1.5-2 hours after strain; S(2-3h), 2-3 hours after strain. Mean +
SEM. P values were obtained by Student's t-test. *P<0.01 vs. Non-S; 0.01< *p <0.05

vs. Non-S.



46

~50% within 1 hour after cyclic strain (Figure 8D and Table Il). The elevated sarcomeric
actin dynamics returned to the control level 1.5 to ~2 hours after the cessation of cyclic

strain (Figure 8D).

iii. Effects of neurohormonal hypertrophic stimulation on sarcomeric actin

dynamics

To test whether the sarcomeric actin dynamics are also elevated by neurohormonal
stimulation as shown for CapZ (Hartman, 2009), NRVMs were treated with PE (10 uM)
or norepinephrine (NE; 20 uM), and FRAP of actin-GFP was measured (Figure 9).
FRAP results demonstrated that actin dynamics increased by ~65% 24 hours after PE
treatment and by ~90% 48 hours after NE treatment. The treatment time of 24 or 48

hours for neurohormonal stimulation was much longer than the 1 hour of cyclic strain.

iv. Localization and dynamics of mutant GFP-CapZf1 fusion proteins in vitro

Since both CapZ and sarcomeric actin dynamics have similar time courses in response
to cyclic strain and the previous studies are all from in vitro experiments, a possible
interaction between CapZ and the actin filaments was addressed. It is known that the
CapZp1 mutant with its tentacle (C-terminus) deleted (CapZB1AC) is critical in CapZ-
actin interaction (Barron-Casella, 1995). In our study, the GFP-CapZB1AC showed a Z-
disc localization (Figure 10, A and B), but the recovery profile of GFP-CapZB1AC in

NRVMs showed a significant difference from wild-type GFP-CapZB1 (Figure 10C).
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Figure 9 Actin dynamics after neurohormonal stimulation. Kgap values for actin-GFP
FRAP in cells 4h (n = 5) or 24h (n = 4) after phenylephrine (PE) treatment and 24h (n =
6) or 48h (n = 4) after norepinephrine (NE) treatment, normalized to unstrained cells
(Non-strain) or 0—1h after strain. S (0—1h), 0—1 hour after strain. Values are means * SE.
*Significant difference (P < 0.01).
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Figure 10 NRVMs expressing GFP-CapZB1AC have higher CapZ dynamics than
wild-type GFP-CapZB1. A and B: GFP and a-actinin antibodies show colocalization of
both the wild-type and the mutant GFP-CapZf1 to the Z-disc. Boxed areas in whole cell
are enlarged in insets. C: FRAP of wild-type GFP-CapZp1 (black line, CapZwt) or C-
terminal deletion CapZ (red line, CapZAC) as a percentage of prebleach intensity. D:
Kfrap Values normalized to unstrained cells have higher dynamics for GFP-CapZB1AC
(red bar, n = 4) compared with wild-type GFP-CapZp1 (black bar, n = 4). Values are
means + SE. *Significant difference (P < 0.01).
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Results of curve-fitting by the two binding-state model (Equation 2) demonstrated that
CapZB1AC had elevated Ksap by ~95%, confirming the importance of the 31 tentacle for

CapZB1 binding (Figure 10D).

V. Effects of CapZp1 C-terminal tentacle on sarcomeric actin dynamics

Alterations of the interaction between CapZ and actin filaments affect the rate of actin
assembly in a polymerization assay (Kim, 2004). To test whether changes of CapZ
binding by the CapZp1 C-terminus affect sarcomeric actin dynamics directly, NRVMs
were infected with either wild-type GFP-CapZf1 or GFP-CapZB1AC, followed by
expression of actin-RFP. The cells expressing actin-RFP, GFP-CapZB31 + actin-RFP, or
GFP-CapZB1AC + actin-RFP (Figure 11, A and B) were subjected to FRAP of actin-
RFP. The recovery profile of actin-RFP in NRVMs showed no major difference between
actin-RFP alone and GFP-CapZB1 + actin-RFP, but a significant difference in GFP-
CapZB1AC + actin-RFP was seen (Figure 11C). Results of curve-fitting demonstrated
that expression of GFP-CapZB1AC significantly elevated dynamics of actin by ~70%
compared with cells expressing wild-type GFP-CapZB1 (Figure 11D and Table IIl),

suggesting that the B tentacle directly regulates actin dynamics.

D. Discussion

In this chapter, three novel findings are reported. First, in the NRVM primary culture

system, the dynamics of CapZ, one of the major regulators of actin-filament assembly,
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Figure 11 NRVMs expressing GFP-CapZB1AC have higher actin dynamics than
wild-type GFP-CapZB1. A and B: confocal images show localization of CapZ and its
mutant at the Z-disc, and actin-RFP localization adjacent to Z-disc in the I-band. C:
actin-RFP FRAP alone as a percentage of prebleach intensity in cells (black line, actin-
RFP), or actin-RFP also expressing either GFP-CapZB1 (blue line, actin-RFP +
CapZwt), or expressing the C-terminal deletion CapZ (red line, actin-RFP + CapZAC). D:
Kfrap Values normalized to the cells expressing actin-RFP alone (n = 4) show a higher
recovery rate of actin-RFP in the cells expressing GFP-CapZB1AC (red bar, n = 5) than
the cells expressing wild-type GFP-CapZB1 (blue bar, n = 5). Values are means + SE.
*Significant difference (P < 0.01).



Table IIl - Comparison of best-fitting parameters for actin-RFP with wild type
or mutated CapZ

Curve fitting data: l¢ap(t) =1 - C e offit

Kfrap = C1Koff1

C1(x10™) Korrs ( x107) Kirap ( x107)
(sec?) (sec?)
Actin-RFP only 8.24 +0.20 10.5 £1.62 8.64 +1.42
CapZ wt + actin-RFP 8.81 +0.25 8.96 + 0.55 7.93+0.63
CapZAC + actin-RFP 8.40+0.32 18.7 £ 2.11* 15.6 £ 1.39*

ltraps fluorescence intensity; t, time (sec); C,, equilibrium coefficient for 1* binding
state; Ko, kinetic constant for 1% binding state. Mean + SEM. P values were obtained
by Student's t-test. *P<0.01 vs. CapZ wt + actin-RFP.
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was found to be elevated by mechanical strain at the end of a brief period of stimulation
but to abate over the next 2 hours. Second, the dynamics of sarcomeric actin in NRVMs
share a similar time course to CapZ for both the increase and abatement. Third, the 1-
tentacle C-terminus of CapZB1 may play an important role in filament assembly since
sarcomeric actin dynamics are significantly enhanced when the tentacle is deleted.
Thus it seems possible that muscle hypertrophy stimulated by mechanical forces 1)
begins to remodel the actin filament within an hour, 2) abates over 2 hours after

cessation of stimulation, and 3) involves the tentacle of the 31 subunit of CapZ.

I Time course of the response of NRVM to mechanical stimulation

Mechanotransduction rapidly reacts to stimulation through signaling and
posttranslational modifications, such as phosphorylation of existing proteins, thereby
initiating sarcomeric remodeling. Phosphorylation of focal adhesion kinase (FAK) peaks
within 1 hour after mechanical strain (Senyo, 2007; Torsoni, 2003) and returns to
baseline levels 1-2 hours after stimulation ends (2). The increased dynamics of both
actin and CapZ after a brief period of cyclic strain are in the same time frame as for FAK.
Thus the time course of CapZ and actin dynamics 2 hours after stimulation ends
suggests a reversal mechanism, such as dephosphorylation might occur. For example,
protein phosphatase 1 (PP1), a well-known phosphatase in NRVM, dephosphorylates
PKC a in an hour (Belin, 2007) and possibly participates in the increase and abatement
of CapZ dynamics. Also, the tensin homolog (PTEN) is a phosphatase that rapidly
regulates the synthesis of phosphoinositide (PI), which itself is an important regulator of

CapZ capping (Schafer, 1996). Its role of dephosphorylating FAK in muscle cells
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(Aikawa, 2002; Gupta, 2009; Seqgat, 2012) may suggest that it is a potential candidate

for regulation of the active time course in response to mechanical stimulation.

ii. Comparison of the effects of mechanical strain and neurohormonal

hypertrophic stimulation

Both mechanical strain and neurohormonal stimulation result in the increase of CapZ
and sarcomeric actin dynamics, suggesting that both alter actin filament assembly
during hypertrophy. PE and NE elicit hypertrophy and cardiac remodeling via small G
proteins and share many signaling pathways with mechanical stimulation, such as Ras,
Rac, Rho, and the downstream activation of MAPKs (Li, 1999). Noticeably, although
only 1 hour of cyclic mechanical strain alters actin capping and actin dynamics, it takes
days for neurohormonal stimulation to produce similar changes (1 day for PE, 2 days for
NE). Furthermore, our lab reported that the rapid response of actin dynamics to
mechanical strain is triggered by an increased PIP; level and its binding to CapZ (Li,

2013).

iii. Role of the B1 tentacle of CapZ in regulation of capping properties in NRVM

A model is proposed for the mechanism by which the interaction between CapZ and
actin regulates actin assembly after a brief period of mechanical stimulation (Figure 12).
This model is based on results in NRVM of CapZ and actin dynamics after cyclic strain

or with the CapZf1 terminal deletion mutant. Under normal conditions when adaptation
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Strain / Exercise

A wild Type Capz B CapZB1AC

Figure 12 Model of interactions between CapZ and sarcomeric actin. A: in
unstrained conditions when NRVMs beat spontaneously but are not growing, the CapZ
tightly caps the barbed end of the actin filament [on rate (light gray arrow) > off rate
(dark gray arrow)]. B: the deletion of B tentacle significantly increases CapZ dynamics
[off rate (light gray arrow) > on rate (dark gray arrow)], which weakens the binding of
CapZ to the actin filament. The dynamics of the actin monomer on and off the actin
filament is elevated (arrows with two directions). C: mechanical stimulation also
significantly increases CapZ dynamics [off rate (light gray arrow) > on rate (dark gray
arrow)], possibly because of structural change of the 8 tentacle (black arrow) through
posttranslational modification. The 8 tentacle of CapZ is released from its actin-binding
state, which leads to an elevated actin off rate (arrows with two directions).
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is not occurring, the two tentacles of CapZ tightly cap the barbed end of the actin
filament, resulting in a low actin mobility and a low actin off rate (Figure 12A). The
deletion of the B tentacle significantly weakens the actin capping and increases CapZ
dynamics, thus elevating the off rate of actin (Figure 12B). After brief mechanical
stimulation, the capping of CapZ is also decreased, and the off rate of actin is elevated
(Figure 12C). This is possibly due to posttranslational modifications of the 3 tentacle of
CapZ that alter the actin off rate. The model suggests a relationship between CapZ
capping and actin dynamics, but the experiments do not prove actin assembly directly in
cultured cells. However, this is a likely mechanism, since biochemical methods in vitro
show actin assembly when the capping is altered (Wear, 2003; Kim, 2010). The binding
of CapZ to the actin filament, however, is not controlled only by the CapZp tentacle. The
CapZa tentacle is the target of CapZ inhibitors (Takeda, 2010), but the regulatory role of
the a tentacle in mechanical strain-induced sarcomeric actin remodeling has not yet
been investigated. Undoubtedly, other partnering proteins, posttranslational
modifications, and ions, such as calcium, are also involved in control of actin filament

assembly in response to different functional demands of the heart.

E. Conclusion

In conclusion, the interaction of CapZ and actin in the thin filament is altered after strain
in NRVM in culture. A model is proposed to explain the possible role of the 3 tentacle of
CapZ in NRVM after mechanical stimulation. One hour of cyclic strain is sufficient to

increase the dynamics of sarcomeric actin through CapZp1, and this process returns to
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baseline in only a few hours after cessation of the stimulation. Thus remodeling of actin
thin filaments in cardiac myocytes lasts for only a few hours after a bout of exercise and
may involve the C-terminus (B tentacle) of CapZp1. It is possible that cycles of activity

and rest may be important for a healthy muscle, whereas the sustained stimulation may

be a factor in the maladaptation that occurs in chronic cardiac disease.



[ll. ACTIN ASSEMBLY IS REGULATED THROUGH PHOSPHORYLATION AND

ACETYLATION OF THE ACTIN CAPPING PROTEIN CAPZ IN CARDIOMOCYTES

A. Introduction

Hypertrophic stimulation can lead to both long term modification in gene expression and
short term modification in the proteome (Hunter, 1999). In chapter II, the increased
CapZ and actin dynamics of myocytes occur very quickly (within 0-1 hour) in response
to mechanical strain, suggesting the possible involvement of PTMs which are nearly
instantaneous but may affect protein functions. The effects of PTMs on the binding
affinity of actin regulatory proteins have been reported. For example, the
phosphorylation of the C-terminal of the cardiac specific formin (FHOD3) releases its
auto-inhibiting property and increases actin polymerization (Iskratsch, 2013). However,
the effect of PTMs on CapZ capping has not been studied in depth and is the subject of

this chapter of the thesis.

PTM by phosphorylation is known to be critical in mechanotransduction signaling
pathways. An example is the protein kinase C (PKC) isoform ¢, which modulates both
cardiac contractility and remodeling. When activated, PKCe translocates to the Z-disc
(Disatnik, 1994; Dorn, 1999; Robia, 2001). A dominant-negative mutant of PKCe
prevents the assembly of the optimal resting length of the sarcomere after sustained
mechanical strain, suggesting its regulatory role (Mansour, 2004). Interestingly, in
transgenic models of CapZ downregulation, PKC dependent regulation of myofilament

function is abolished, and the binding of activated PKCe to the myofilament is

57



58

diminished (Pyle, 2002), suggesting the involvement of CapZ in PKCg signaling.
Furthermore, increased CapZ dynamics in neurohormonally stimulated myocytes were
shown to be association hypertrophy through PKCe and PIP, dependent pathways

(Hartman, 2009).

Modification by acetylation is another major posttranslational event, which is regulated
by enzymes that acetylate or deacetylate. Histone deacetylase (HDAC) removes the
acetyl group from an e-N-acetyl lysine residue on histones (L6pez-Rodas, 1993) to alter
the accessibility to DNA in the nucleus. However, there is a large family of HDACs
whose activities occur both inside and outside the nucleus. For example, HDAC3 has
an extra segment close to the C-terminus and can shuttle in and out of the nucleus
(Yang, 2002; Gao 2006). In myocytes, the HDAC nuclear export is stimulated by protein
kinase D (PKD) and is involved in the hypertrophic processes (Monovich, 2010).
Additionally, in cardiomyocytes, HDAC3 is localized to both the M band and the Z-disc,
and acetylation alters contractility (Samant, 2011). HDACS is also abundant on
myofibrils, and the knockout of HDACG6 elevates the maximum force of myofibrils
(Demos-Davies, 2014). Furthermore, HDACs can deacetylate a-tubulin, another
cytoskeletal protein (Catley, 2006; Hubbert, 2002). Thus, it is possible that CapZ is also
regulated by one or more HDACs since CapZf3 can be acetylated in multiple spots

(Lundby, 2012).

The goal of this chapter is to investigate how the increase of CapZ dynamics is

regulated during sarcomeric actin filament remodeling. The hypothesis is that CapZ is
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post-translationally modified through an HDAC and PKCe-mediated pathway, thereby
regulating actin filament assembly. First, PTMs of CapZ in NRVMs are observed and
identified. Second, variations of PKCe and HDACSs by activators or inhibitors are applied
to test whether phosphorylation or acetylation leads to increased CapZ and actin
dynamics in neonatal rat ventricular myocytes (NRVMs). The coordination of
phosphorylation and acetylation on CapZ capping is approached by manipulating both
pathways simultaneously. Also, the PTMs of CapZ are observed in normal and failing
human heart to explore their clinical relevance. Further understanding about the roles of
PKCe and HDACSs in heart failure is required to lay the foundation for the discovery of

innovative treatment targets.

B. Materials and methods

i Hypertrophic stimulation

Hypertrophic stimulation:

(1) Neurohormonal stimulation of NRVM: For cell culture methods see Chapter II.
Control cells were either stimulated or left unstimulated prior to experiments. The
neurohormonal treatment times chosen were sufficient to induce hypertrophy (Simpson,
1983; Hartman 2009). Phenylephrine (10 uM, Sigma-Aldrich) treatment was for 24

hours prior to experiment analysis.

(2) Mechanical strain of NRVM: Seventy-two hours after cell isolation, with or without

viral infection, cyclic mechanical strain was generated with a Flexcell Strain Unit (model
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FX-4000, Flexcell International, Hillsborough, NC). NRVMs were strained at 10%
elongation biaxially at 1 Hz sinusoidally for 1 hour in PC-1 medium. Strain magnitude,
time, and waveform were user-assigned to the system that controls vacuum pressure to

deliver calibrated strain values to available elastic substrates housed in the incubator.

(3) Cell size measurement: NRVMs were washed with PBS, fixed with 4%
paraformaldehyde (Sigma-Aldrich) for 10 min, placed in cold 70% ethanol, and stored at
—20°C until immunostaining. Primary anti-a-actinin antibody (Catalog No. ab9465,
mouse 1gG; Abcam, Cambridge, MA), was diluted (1:200) in 1% BSA in PBS (with 0.1%
Triton X-100) and allowed to incubate on a shaker table at 4°C overnight. Cells were
then rinsed in PBS at 25°C and blocked in 1% BSA in PBS for 1 hour at 25°C.
Secondary antibody (Molecular Probes) was diluted at a ratio of 1:500 in 1% BSA in
PBS and incubated for 1 hour at 25°C. Cells were washed in PBS. Anti-fade reagent
with DAPI (Molecular Probes) was added and cover slips were mounted on glass slides.
For cell size measurement, the cells were plated in PC-1 media for 48 hour before
treatment, NRVM boundaries were visualized by a-actinin antibody staining. Surface

area was measured by Image J.

ii. Left ventricular tissue from DCM and normal human hearts

Samples of left ventricular (LV) tissue were obtained from Loyola University Medical
Center’s (LUMC’s) Cardiovascular Institute Tissue Repository with IRB approval from
both LUMC for procurement and from UIC (IRB approval #: 2012-0061). All samples

were de-identified before shipment to UIC. The detailed protocol and informed consent
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documents were reviewed by LUMC'’s Institutional Review Board prior to tissue
acquisition. Following informed consent, human LV tissue was obtained from patients
undergoing heart transplantation for dilated cardiomyopathy (DCM). Tissue samples
were quickly frozen in liquid nitrogen in the operating room and stored at -80°C. For
normal human heart, following informed consent from organ donor family members,
donor hearts judged unsuitable for cardiac transplantation were stored in cardioplegic
solution on ice and delivered within 4 hours of cardiac extirpation by the Gift of Hope
Organ and Tissue Donor Network. Tissue samples were then quickly frozen in liquid

nitrogen, and stored at -80°C.

iii. HDAC inhibition

HDAC inhibitors were used at the indicated final concentrations and treating time:
trichostatin A (TSA) (5 uM, 5 hours; Sigma), MGCDO0103 (500nM, 24 hours; Selleck)
and tubastatin A (1 uM, 24 hours; Selleck). BA-60 (1 uM, 24 hours) was synthesized in-
house and graciously provided by Dr. Timothy A. McKinsey in University of Colorado at

Denver.

V. Adenoviral constructs and infection

Recombinant adenoviruses for GFP-CapZB1, constitutively active PKCe (caPKCg) and
dominant negative PKCe (dnPKC-¢) were kindly provided by Dr. Allen Samarel (Loyola
University Chicago Stritch School of Medicine, Maywood, IL) as previously described
(Hartman, 2009). Two days after NRVM isolation, NRVMs were infected with CapZ31

(MOI 20), caPKCe (MOI 100), or dnPKCe (MOI 250) for 60 min at 37°C diluted in PC-1
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medium. The viral medium was then replaced with virus-free medium, and cells were

left undisturbed for 24 hours.

V. Actin-GFP expression

Actin-GFP expression was induced by CellLight® Reagents *BacMam 2.0* actin-GFP
(Invitrogen). Two days after NRVM isolation, an appropriate volume of CellLight®
Reagent (30uL per 1,000,000 cells) was used as modified from the manufacturer’s
instructions. Infected NRVMs were then returned to the culture incubator for at least 16

hours.

Vi. Subcellular fractionation

For subcellular fractionation of myocytes, the Calbiochem ProteoExtract Subcellular
Proteome Extraction Kit was used (Catalog No. 539790; EMD Millipore, Billerica, MA),
following a previously described detergent-based protocol (Boateng, 2007). Cellular
proteins were sequentially extracted into four compartments: cytosolic, membrane /
organelles, nuclei, and cytoskeleton. Digitonin-EDTA was used to remove the cytosol.
Triton-EDTA was used to remove the membrane-organelle fraction. Tween /
deoxycholate / benzonase was used to remove the nuclei. Finally, SDS was used to
remove the cytoskeleton. Cells were briefly washed three times in PBS between each
extraction fraction to prevent cross-contamination. After each fraction, cells were
observed by light microscopy to ensure that they were still attached to the dish. Cell
integrity was maintained throughout the fractionation process. The accuracy of the

fractionation method was verified with antibodies to well-documented subcellular
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distribution markers [heat shock protein (Hsp)70 for cytostol, B1-integrin for membrane,

H2B for nucleus and tropomyosin for myofibrils].

vii.  Immunoblotting

Protein extracts from whole cell lysates or different subcellular fractions were resolved
by SDS/PAGE, transferred to polyvinyl difluoride (PVDF) membrane and probed with
antibodies for CapZp (Santa Cruz; sc-27551); 4370), HDAC2 (Cell Signaling
Technology; 4631), HDAC3 (Cell Signaling Technology; 4668), Hsp70 (Santa Cruz
Biotechnology Technology; sc-24), B-integrin (EMD Millipore; MAB1900), H2B (Abcam;
ab18977), and tropomyosin (provided by Dr. R. John Solaro at the University of lllinois

at Chicago).

viii. Two-dimensional gel electrophoresis (2DGE)

Cells were placed on ice and lysed using ice cold MF buffer (75mM KCI, 10mM
Imidazole, 2mM MgCI2, 2mM EDTA, 1mM NaN3) containing protease and phosphatase
inhibitors (Sigma, St. Louis, MO). The pellet was then resolubilized in urea-thiourea-
chaps (UTC) buffer (8M Urea, 2M Thiourea, 4% Chaps). The total protein concentration
was measured using the RC DC™ protein assay (Bio-Rad) with crystalline bovine
serum albumin as standard. For the first dimension electrophoresis, each protein
sample (~1000 pg) was mixed with 200ul of IEF buffer (GE Healthcare) containing IPG
buffer (ampholytes, GE Healthcare). The program for the IEF cell was set up as an
active rehydration at 50V for 10-16 hours, 250 V rapid 15min, 10000V linear 3 hours,

10000 rapid. After completion of the first dimension electrophoresis, the strip was
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incubated with 2ml of IEF EQ buffer (6M urea, 5%SDS (w/v), 30% glycerol (v/v)) with
1% (w/v) DTT), and placed on a shaker at 50rpm for 15min. After 15min, the strip gel
was taken out and incubated in IEF EQ buffer with 2.5% (w/v) iodoacetamide, and then
placed on shaker for another 15min (50rpm). The second dimension electrophoresis
was run under constant 30 mA for 2~3 hours. After the second dimension
electrophoresis was complete, the protein was transferred to PVYDF membrane under

the CAPS transfer buffer and run according to conventional protein transfer procedures.

iX. Mass Spectrometry

The CapZB1 migrating spots on Coomassie blue-stained two-dimensional gel were cut
out and the gel pieces were placed in distilled water for processing by the Proteomics
Core Facility (UIC). The gel spots were first destained to remove Coomassie blue,
followed by reduction with DTT to remove disulfide linkage throughout the protein and
then alkylation to confer stability to the peptides resulting from protease digestion. The
protein was subjected to an in-gel digestion with trypsin and the peptides were extracted
from the gel matrix. Electrospray lonization Fourier Transform lon Cyclotron Resonance
Mass Spectrometry (ESI-FTICR, Applied Biosystems, Inc.) was employed to acquire
site-specific information regarding the PTMs of each of the CapZp1 sites. MS/MS
results were analyzed by Mascot MS/MS ion search database (fixed modifications:
carbamidomethyl; variable modifications: acetyl (K), acetyl (protein N-terminal),
oxidation (M), phosphorylation (ST), phosphorylation (Y); mass value: monoisotopic;
protein mass: unrestricted; peptide mass tolerance: + 10 ppm; fragment mass tolerance:

+ 0.6 Da; max missed cleavages: 1) and Scaffold program (Proteome Software).



X. Data analysis

Sample sizes were at least 4 immunoblots, 4 FRAP or 4 MS analyses per group.
Spot density of 2D western blot was analyzed by ImagelLab software. Values of spot
density were analyzed using a paired Student’s T Test to make comparison between

control and designated treatment. P<0.05 was considered significance.

C. Results
I Post-translational modifications of CapZ are increased in hypertrophic
NRVM
Due to the rapid response of CapZ dynamics to hypertrophic stimulation (Lin, 2013), |
hypothesized that PTMs of CapZ affect the capping of CapZ to the actin filament. To
address this hypothesis, myofibrillar proteins extracted from NRVM with or without PE
treatments were separated by two dimensional gel electrophoresis (2DGE).
Phenylephrine (PE) treatment resulted in CapZB31 2D spots shifting toward a lower
isoelectric point (spots 2-4, Figure 13A and B). This left shift meant there were more
negative charges on the protein, which indicated the presence of PTMs. Interestingly,
the 2D blot pattern of CapZB1 in NRVMs was similar to endogenous CapZf3 in human
heart tissue. Increased PTMs of CapZ were also observed in hypertrophic heart from

dilated
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Figure 13. PTMs of CapZp1 are elevated in hypertrophic NRVM and failing human
heart. (A) NRVM Immunoblot of 2D gels with isoelectric point 4.7- 5.9 range using a
CapZp antibody for CapZp1. PE= 10 uM phenylephrine / 24 hours. (B) Densiometric
guantification of major spots shows increased levels of CapZB1 with more negative
charges (spot 2, 3 and 4) after stimulation by PE (n=3). (C) Immunoblot of 2D gels for
endogenous CapZB1 in human heart tissue from normal and dilated cardiomyopathy
(DCM). (D) Densiometric quantification of major spots shows increased levels of
endogenous CapZB1 with more negative charges in DCM human heart tissue (n=1).
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cardiomyopathy patients (Figure 13C and D), suggesting that the alterations of CapZ

PTMs were relevant to human heart disease.

ii. Identification of PTM sites and locations on CapZ

While 2DGE is a useful technique for observing the existence of posttranslational
modifications on proteins, it does not identify where these sites are located. Therefore,
mass spectrometry was used to identify the sites conclusively and types of post-
translation modifications. Four major spots of CapZB1 on 2D gel stained by Coomassie
Blue (Figure 14A) were cut out and each gel piece was placed in distilled water for
processing by ESI-FTICR. The results analyzed by Mascot MS/MS ion search database
and Scaffold program demonstrated that acetylation of lysine (K199) of CapZB1 was
found at spot 2 (Figure 14B and C), consistent to our finding in the immunoblots of
CapZpB1, in which spots 2-4 were recognized by the acetyl-lysine antibody (Figure 14D).
MS also showed phosphorylation of serine (S204) residue of CapZB1 at spot 3 (Figure
14B). PyMOL Molecular Graphics System demonstrated that K199 and S204 were very

close to the helix 5 of CapZ and the C-terminal of CapZa (Figure 15).

iii. Effects of caPKCeg and dnPKCeg on CapZ and sarcomeric actin dynamics
Adenoviral infection by caPKCe or dnPKCe was tested for the role of PKCe in CapZ
activities. FRAP analysis of CapZ showed that the Kyap Was increased with caPKCe,

whereas the increased K,p Of CapZ stimulated by PE were counteracted by dnPKCe
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Figure 14. CapZp1 is both phosphorylated and acetylated in hypertrophic NRVM.
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Figure 14 legend:

(A) After 2DGE, 4 major CapZ31 spots on 2D gel electrophoresis (Coomassie blue
stained). (B) ESI-FTICR acquired site-specific information for CapZf31. Spot 2 has
acetylation at Lysine199 (K199); spot 3 has phosphorylation at Serine204 (S204). (C)
Annotation of representative mass spectra of trypsin digested protein samples (spots 2
and 3). The degree symbol designates b or y ions with water and/or ammonia loss. (D)
Immunoblot of 2D gels with isoelectric point 5.3- 5.6 range for CapZp1 with acetyl-lysine
antibody. PE treatment= 10 uM phenylephrine / 24 hours. n=1.
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Figure 15. Display of phosphorylation and acetylation sites in a three-dimensional
structure of CapZ. The actin binding region defined by Kim and Cooper (2010)
indicated by pink shadow. The position of S204 and S263 phosphorylation (small arrow)
and K199 acetylation (large arrow). All of these residues are adjacent to the actin-

binding surface of CapZ
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(Figure 16A). Consistently, 2D western blotting for CapZ showed that the PTMs (both
spot 2 and spot 3) of CapZ were diminished by dnPKCeg, suggesting the regulatory role

of PKCe in the PTMs of CapZ dynamics (Figure 16B and 16C).

iv. Effects of HDAC inhibitors and activators on CapZ and sarcomeric actin
dynamics
| hypothesized that HDACs mediate the acetylation of CapZ in hypertrophic myocytes.
Thus, the effects of different HDAC isoforms on myocyte growth and CapZ status were
tested by specific inhibitors. NRVM size was increased by MGCD0103, the HDAC1-3
inhibitor, but not by tubastatin A, the HDACS6 inhibitor (Figure 17A and B), suggesting
that activities of HDAC1-3 were relevant to myofilament assembly. To test whether
HDACSs affect CapZ capping and actin assembly, dynamics of the CapZ were measured
by FRAP. The kinetic constant (Ksap) of CapZ was doubled by MGCD0103 and
tricostatin A, the pan HDAC Class | and Il inhibitor (Figure 17C). In contrast, elevated
CapZ dynamics stimulated by PE were counteracted by theophylline, which was shown
to activate Class | HDAC activities (Ito, 2002). Furthermore, spot 2 of CapZB1 on 2D
western blot was increased by MGCDO0103, suggesting that HDAC1-3 directly mediated
CapZ acetylation (Figure 17D). The dynamics of the sarcomeric actin were also tested.
The kinetic constant (Ksp) of actin was significantly increased by MGCD0103,
confirming the importance of the HDAC1-3 for CapZ capping and actin assembly

(Figure 17E).
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Figure 16. Increased CapZ dynamics and PTMs in NRVMs after phenylephrine
treatment is regulated by PKCe. NRVMs were treated with caPKCg, or dnPKCg, and
also with or without phenylephrine treatment (PE, 10uM / 24h). (A) Ksap values for GFP-
CapZB1 in cells is significantly increased by phenylephrine (n=8), but the effect of PE is
blunted by dnPKCe (PE+ dnPKCg, n=3). Ky values for GFP-CapZB1 in cells with
caPKCe is significantly increased even without PE (caPKCg, n=9). (B) NRVM
Immunoblot of 2D gels with isoelectric point 4.7- 5.9 range for CapZp1 with CapZf3
antibody. (C) Increased spots 2 and 3 of CapZB1 in PE-treated cells are both withdrawn
in the presence of dnPKCe (n=1). Values are means + SE. Significant difference: *P <
0.01.
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Figure 17 legend:

(A) NRVMs with or without HDAC inhibitors were stained with a-actinin antibody (green).
(B) Cell area showing size of MGCDO0103-treated cells is significantly larger than
untreated cells, compared to tubastatin A. CTL= control; MGCD= MGCDO0103 (5uM /
24h); Tub: Tubastatin A (10uM / 24h). n>20 for each group. (C) Kap values for GFP-
CapZp1 FRAP in cells untreated (n=9) or treated with trichostatin A (TSA, 10uM / 5h,
n=5), theophylline (TSA, 10uM / 24h, n=5), phenylephrine (PE, 10uM / 24h, n=5),
phenylephrine + theophylline (PE+THE, n=8), MGCDO0103 (5uM / 24h, n=11) and
Tubastatin A(10uM / 24h, n=4). CapZ K4y is significantly elevated by TSA, MGCD and
PE, while the effect of PE is withdrawn by THE. (D) Immunoblot of 2D gels with
isoelectric point 4.7- 5.9 range for CapZp1. MGCD= 10 yM MGCDO0103 / 24 hours. Spot
2 of CapZp1 is clearly increased with MGCDO0103 treatment. (E) Ksap Values for actin-
GFP FRAP in cells untreated (n=15) or treated with MGCDO0103 (5uM / 24h, n=5) and
tubastatin A (10uM / 24h, n=4). Actin K4y is significantly elevated by MGCDO0103, but
not by tubastatin A. Values are means + SE. n=number of cells Significant difference: *P
< 0.01.
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V. HDAC3 translocates out of the sarcomere in hypertrophy

It appeared that during cardiac hypertrophy, HDAC activities were diminished,
increasing the acetylation of myofilament proteins in response to the increased loading.
| hypothesized that the translocation of HDAC3 out of sarcomere might alter PTMs and
affect hypertrophy given the ability of HDACs (HDAC3, 4 and 5) to shuttle between the
cytosol and the nucleus (Yang, 2002, Sucharov, 2008; Monovich, 2010), combined with
HDAC1-3 regulation of both CapZ and actin dynamics (Figure 17). HDAC3 was
localized in the Z-disc and had direct interaction with CapZp1 (Figure 18A and B). With
PE treatment, the amount of HDAC3 was decreased in myofibrillar but increased in
membrane fractions (Figure 19A and B). Interestingly, HDAC3 translocation with PE
treatment was diminished by dnPKCe expression, indicating a regulatory role for PKCe

in HDAC3 localization during hypertrophy.

Vi. Acetylation alone is sufficient to regulate CapZ dynamics

Since deacetylation and phosphorylation regulated the dynamics of CapZ, we
investigated the interaction between HDAC and PKC. The approach was to control
acetylation and/or phosphorylation of CapZ, and measure the effects on CapZ dynamics.
Theophylline was applied to elevate the deacetylation of HDACs in NRVMs with

caPKCe expression. CapZ FRAP results showed that Ksap 0f CapZ with caPKCe
expression had no significant increase in the presence of theophylline, compared to
caPKCe alone (Figure 20). Furthermore, treatment of MGCDO0103 on NRVMs in addition
to PE and dnPKCe increased CapZ dynamics (Figure 20). Taken together, acetylation

alone in the absence of phosphorylating kinases appeared to be sufficient to increase
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Figure 18. HDAC3 is localized in Z-disc and interacts with CapZ. (A) NRVMs were
permeabilized with digitonin-EDTA to remove the cytosol. Triton-EDTA was used to
remove the membrane-organelle fraction. The remaining cytoskeletal fraction was
stained for HDAC3 (green) and a-actinin (red). Staining result shows that HDAC3 is
colocalized with a-actinin in the Z-disc. Bar = 10 ym. (B) HDAC3 protein in cell lysate
was immuno-precipitated by HDAC3 antibody. The bound CapZ31 is detected with anti-
GFP antibody by Western blot analysis. Data in collaboration with Jieli Li, M.D., Ph.D.



Cytosol Membrane Nucleus Myofibril

CTL PE PE CTL PE PE CTL PE PE CTL PE PE
+ + + +
dnPKCe dnPKCe dnPKCe dnPKCe
HDAC3 o — -— T
Hsp70 —— —
B1-Integrin — — —
H2B —
. — E
Tropomyosin - -— -
B Cytosol Membrane
0357 n=3 05 "
n=3
- i 0.45 A |
o ‘= 04 4 -
5 025 Foas{ " n=1
) c 1
T o2 = 034
) @ 4
8 ois @025
g : 3 024
= 0 —_— S 015 ;
T o
0.05
0.05
0 0
CTL PE PE+dnPKCe CTL PE PE+dnPKCe
Nucleus Myofibril
0.14
£
8 012
>
@ E 01
T %
=y o
- = 0.08 -
3 £
p! 9 0.6
T <
a !
Q 0.04
0.02 A
0 4
cTL PE PE+dnPKCe CTL PE PE+dnPKCe
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Figure 19 legend:

Subcellular distribution of HDAC3 in untreated, PE (phenylephrine, 10uM / 24h) and
PE+dnPKCe treated NRVMs. (A) and (B): Western blot and analysis for subcellular
fractionation: cytosolic, membrane, myofibrillar and nuclear fractions. Internal controls
are hsp70 for cytosolic, B1-integrin for membrane, tropomyosin for myofibrillar and
histon 2B (H2B) for nuclear fraction. Distribution of HDAC3 in myofibrillar fraction is
decreased by phenylephrine, and membrane fraction is increased. Values are means +
SE. Significant difference: *P < 0.01; #P < 0.07.
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Figure 20. Coordination of phosphorylation and acetylation on CapZ dynamics.
NRVM treatments were done in combination as shown before. Mean values for Ky, are
shown as histogram. (1) Treatment of MGCDO0103 in addition to PE + dnPKCe
significantly increases Ksap (N=7). (2) Treatment of THE in addition to caPKCe does not
result in elevated Kyp Values (n=9). Values are means + SE. Significant difference: *P <
0.01; #P < 0.05.
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CapZ dynamics.

D. Discussion

This chapter reports several novel findings. First, in the NRVM primary culture system,
posttranslational modifications of both acetylation and phosphorylation of CapZ were
elevated by hypertrophic stimulation. Moreover, the locations of these PTMs with
respect to the actin binding interface were crucial for CapZ capping to the actin filament.
The acetylation of CapZ (K199) was mediated by Class | HDACs, leading to increased
CapZ dynamics, actin dynamics, and myocyte growth. The activities of HDACs were
diminished during hypertrophy possibly because of their translocation from the
myofilament to the nucleus. CapZ phosphorylation (S204) mediated by PKCe also
occurred in hypertrophic myocytes. However, acetylation alone was sufficient to

increase CapZ dynamics and induce cell hypertrophy.

i The PTMs of CapZ in NRVMs with sarcomeric growth

In recent years, various PTM sites on CapZ have been identified (phosphosite.org
database); however, the functional effects of those PTMs have not been specifically
addressed. Ser-9 of CapZa has been shown to be phosphorylated by CK2 (Canton,
2005), which inhibited the CapZ capping property. The C-terminus, along with part of
the helix 5 of CapZa and 8 are the major actin binding sites of CapZ to the actin
filaments (Kim, 2010). The acetylation of K199 and phosphorylation of S204 observed
by us are very close to the actin binding surface (Figure 15). K199 is at the end of
strand 9 of CapZp. Acetylation of K199 increases hydrophobicity so that the K199 might

not be able to maintain its original location on the outer surface of CapZ. S204 is at the
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loop between helix 5 and helix 6 of CapZp3, where it is adjacent to the CapZa C-terminal.
Phosphorylation could increase the hydrophilic property, which might twist the S204 site
out to protein surface and alter the angle and position of the CapZa C-terminal. These
two sites have not been reported in previous proteomic screenings possibly because
studies were done on unstimulated myocytes, so that the low level of acetylation and
phosphorylation were not detectable. Undoubtedly the PTMs on CapZa could also

regulate the capping property of CapZ, and further investigation is necessary.

ii. The regulation of PKCe in cardiac hypertrophy

Although many studies have reported translocation of activated PKCe to the Z-disc, the
identities of the binding partners of PKCe at the Z-disc remain unclear. Some have
suggested Cypher-1, enigma homologue protein, PDZ domain containing proteins that
also bind a-actinin, several RACKs and F-actin (Mochly-Rosen, 1995; Prekeris, 1996;
Zhou, 1999; Nakagawa, 2000). The PKCe complex pulled-down by a PKCe monoclonal
antibody showed binding to a-actinin and desmin, components of the Z-disc (Ping,
2001). PE-induced myofilament-PKCe association was found to be diminished in the
transgenic mouse heart with reduced CapZ expression, suggesting that CapZ might be
a binding target for PKCe (Pyle, 2002). In this current study, we show that PKCe
mediates the phosphorylation and dynamics of CapZ in hypertrophic myocytes. Thus,
the translocation of PKCe to the Z-disc by hypertrophic stimulation might lead to the
phosphorylation of CapZ. Furthermore, PKCe also mediated the acetylation of CapZ
(Figure 16), suggesting the existence of a phosphorylation-acetylation cascade.

iii. HDACSs in the regulation of CapZ in hypertrophic NRVMs
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The role of HDACs in the regulation of hypertrophic signaling has been extensively
studied. Both general and more specific HDAC inhibitors have been shown to have
significant therapeutic potential (Kong, 2006; Cho, 2010; lyer, 2010). Most studies for
HDAC:s in cardiology focused on the long-term transcriptional regulation because of
their function of mediating the accessibility of chromatin in the nucleus. However,
reports now show that HDAC activities also occur in the cytosol in various types of cells.
Here, | demonstrate that HDAC3 is located in the myofibrillar fraction of NRVMs and
might be able to mediate acetylation of CapZ and actin capping. The translocation of
HDACS3 out of the myofilaments provides a possible mechanism by which CapzZ
acetylation is increased. This is consistent with previous findings regarding the
localization of HDAC3 and 6 in the myofilaments and the control of contractility (Samant,
2011; Demos-Davies, 2014). Aside from mediating the interaction between the myosin
and actin filaments leading to altered contractility, acetylation elevated by Class |
HDAC1-3 inhibitor increases CapZ and actin dynamics. This suggests that acetylation
also diminishes the binding capacity of CapZ to the actin filaments (Figure 17).
Therefore, HDAC3 and 6 appear to play a pivotal role in regulating the protein-protein
interactions in the myofilaments. In response to elevated mechanical loading during
cardiac hypertrophy, the increased acetylation would lead to both increased contractility
and assembly of the myofibrils.

iv. The effects of acetylation and phosphorylation signaling on CapZ functions
The coordination of acetylation and phosphorylation of proteins has been extensively
studied. The most well-known phosphorylation—acetylation cascade is p53 signaling, in

which the phosphorylation of p53 stimulated by DNA damage increases the accessibility
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of p53 to p300 and PCAF, leading to the acetylation of p53 with stimulation of its ability
to bind DNA (Sakaguchi, 1998). In contrast, acetylation can affect protein
phosphorylation as well. For example, Foxol structure is changed with acetylation,
leading to its increased sensitivity to phosphorylation and DNA-binding ability
(Matsuzaki, 2005). | found that CapZ can be phosphorylated and acetylated at S204
and K199, respectively. Both were elevated with hypertrophy (Figure 13 and 14) and
blunted in the presence of dnPKCe (Figure 16). It is possible that the S204
phosphorylation results in structural changes of CapZ that decrease its interaction with
HDACSs. Also, PKCe / PKD signaling has been found to mediate the export of Class Il
HDAC4 and 5 (Vega, 2004; Monovich, 2010), so it is also possible that PKCe mediates
the translocation of HDAC3 out of the sarcomere (Figure 19B). Interestingly, although
PKCe appeared to induce both acetylation and phosphorylation of CapZ, increased or
blunted acetylation of CapZ alone was sufficient to mediate CapZ dynamics (Figure 20).
Thus, although PKCe and phosphorylation might initiate the phosphorylation-acetylation
cascade, it appears that it is acetylation which dominates the reduction of the CapZ
capping property during cardiac hypertrophy.

A model is proposed for the mechanism by which CapZ and actin dynamics are

regulated by Class | HDACs and PKCe (Figure 21):
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Figure 21. Model of PTMs regulate interactions between CapZ and actin to govern
sarcomere assembly. (1) Resting state: The acetylation and phosphorylation levels of
CapZ are low with HDAC3 consistently deacetylating in the absence of PKCe. The
interaction of CapZ with the actin filament is stronger. (2) With hypertrophic stimulation,
PKCe translocates to Z-disc and phosphorylates CapZ S204. Simultaneously, PKCe
facilitates HDACS3 translocation out of the myofibril. (3) HDAC3 translocation allows
acetylation of CapZ K199, leading to further structural changes that lower the binding
affinity of CapZ to the barbed end of the actin filament. The interaction between CapZ
and the actin filament is weaker. The off rate of actin is elevated and actin monomers
are incorporated into the actin filament, resulting in actin assembly.
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(1) Under normal conditions, the acetylation and phosphorylation levels of CapZ are low
with HDAC deacetylation. Hence, CapZ tightly caps the barbed end of the actin filament.
(2) With hypertrophic stimulation, PKCe activity is elevated possibly because of its
translocation to the Z-disc. Thus, CapZ is phosphorylated on S204. (3) S204
phosphorylation or PKCe function leads to HDAC3 translocation out of the myofibrils
with the acetylation of CapZ on K199. This step leads to further structural changes,
which lower the binding affinity of CapZ to the actin filaments. With this change in the
uncapping, the off rate of actin is elevated and actin monomers are incorporated into the
actin filament. This results in a greater assembly of actin into the myofibril. The model
suggests the regulatory role of acetylation and phosphorylation on CapZ capping by
both HDACs and PKCe. This is a likely mechanism supported by proteomics,

biochemistry and variations of HDACs and PKCe activities.

E. Conclusion

In conclusion, in hypertrophic myocytes, elevated acetylation and phosphorylation of
CapZ result in the reduction of capping, increasing thin filament assembly with myocyte
growth. A model is proposed to explain the possible process by which acetylation and
phosphorylation are coordinated to reduce the actin capping function of CapZ. During
myocyte growth, PKCe not only phosphorylated CapZ, but also mediated the acetylation
of it. This is possibly because of the translocation of HDAC3 out of the sarcomere.
Acetylation of CapZ reduces the capping of CapZ, thus initiating the remodeling of actin

thin filaments by increasing actin assembly. This dual regulation through



phosphorylation and acetylation provides a novel model for the regulation of myofibril
growth during cardiac hypertrophy. Since human failing heart tissue showed similar
changes, they may provide potential therapeutic targets in maladaptive hypertrophic

heart disease.
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IV. MAJOR CONCLUSIONS

This thesis used biophysical and biochemical techniques to assess basic myocyte
function with the goal of applying the results to the understanding of cardiac hypertrophy
in exercise and disease. The approach was to induce hypertrophic stimulating of
neonatal rat ventricular cardiomyocytes or use failing human heart tissue, and
investigate how the assembly of sarcomeric actin thin filaments was regulated by the
actin capping protein, CapZ. The major conclusions of this research were divided into

two parts are.

Part A: CapZ and actin capping dynamics increase in myocytes after a bout of

exercise and abate in hours after stimulation ends.

A. CapZp1 dynamics increased within 0-1 hour after cyclic mechanical strain, but
abated to control level in 2-3 hours.

B. Sarcomeric actin dynamics shared a similar time course of increase and
recovery after cyclic mechanical strain with CapZ dynamics.

C. This time course showed that a normal bout of exercise had only short term
signaling effects on actin assembly.

D. Actin dynamics were also increased after longer term neurohormonal
stimulation.

E. NRVMs expressing GFP-CapZB1AC had higher CapZ and actin dynamics than
wild-type GFP-CapZB1. The powerful effect of removal of the beta tentacle
(CapZB1AC) suggested that CapZ must undergo a structural change, which led

to the release of the beta tentacle from its original binding region.
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Part B: Actin assembly is regulated through phosphorylation and acetylation of

the actin capping protein CapZ in cardiomyocytes.

A.

B.

PTMs of CapZB1 were elevated in hypertrophic NRVMs and failing human heart.
CapZp1 was both phosphorylated (S204) and acetylated (K199) in hypertrophic
NRVM.

S204 and K199 were very close to the actin binding region of CapZ.

Increased CapZ dynamics and PTMs in NRVMs after phenylephrine treatment
were regulated by PKCe.

CapZ capping and NRVM size were both mediated by Class | HDACs.

HDACS3 translocated out of the sarcomere with phenylephrine treatment.

. Acetylation alone was sufficient to regulate CapZ dynamics.

. During myocyte growth, S204 phosphorylation and K199 acetylation of CapZ

coordinated to blunt the capping capacity of CapZ, which led to actin filament

assembly.

The mechanism by which myocyte growth is generated has been investigated

extensively in cardiology in the hope that maladaptive progression may be averted. The

majority of the studies to date have focused on the alterations of gene expression when

hypertrophy occurs and the signaling pathway leading to transcriptional changes. The

differences of heart metabolism in diseased and normal heart and their potential effects

on heart failure have also been addressed. However, the heart is a mechanical organ,

pumping blood through the circulation continuously, and the contractile myofilaments

are the primary component doing this work. Therefore, understanding the mechanism
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for contractile function and thin filament assembly may provide a therapeutic target for

the future treatment of hypertrophic heart diseases.

The objectives in this thesis were to determine the mechanisms for regulation of the
capping property of CapZ and actin dynamics of the sarcomere in acute exercise versus
chronic disease. The time course in myocyte in response to a physiologic bout of
exercise mimicked by cyclic mechanical strain was studied. Chronic conditions were
mimicked by sustained exposure to drugs such as phenylephrine. Furthermore, the
combination of biochemical and proteomic approaches were used to identify the role of

phosphorylation and acetylation of CapZ in the generation of hypertrophy.

One point worth mentioning is that studies on the regulation of actin assembly to date
mostly focus on in vitro single molecule assays by observing the fluorescence of pyrene
conjugated actin that occurs during polymerization. There are several groups trying to
set up an actin polymerization assay in living cells. The Staiger lab in Purdue University
has done phenomenal work on actin assembly in plant cells in response to bacterial
infections, but not with animal cells (Staiger, 2010; Henty-Ridilla, 2013). The only work
on actin assembly in living muscle cells was done by Takano in Chiba University in
Japan (Takano, 2010). Sarcomeric a-actin-EGFP was expressed in adult mouse
skeletal muscle by electroporation, and detected actin assembly by observing the
incorporated fluorescent a-actin-EGFP to the Z-disc by confocal microscope. In this
thesis, the commercially available actin-GFP and actin-RFP constructs were not
sensitive enough to observe the incorporation of actin in the Z-disc, although | was able

to show the increased dynamics of actin in hypertrophic NRVMs by FRAP. The change
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in actin FRAP was linked to cell hypertrophy by measurement of cell size under all

conditions.

Of note in the findings of this thesis is the rapid response of sarcomere dynamics to
mechanical strain of the myocytes, compared to the slower response to neurohormonal
stimulations (Lin, 2013). The transient sarcomere remodeling stimulated by a bout of
mechanical strain suggests that cycles of activity and rest may be important for a
healthy muscle, whereas maintained stimulation may be a factor in the maladaptation
that occurs in chronic cardiac disease. Although mechanical and neurohormonal
stimulations both occur during cardiac hypertrophy, they affect cell function through
distinct pathways. Mechanical strain detected by the focal adhesion complex can trigger
the maximum response of FAK activity in an hour (Senyo, 2007; Torsoni, 2003), and
render the “slow” signals to the downstream pathways for modifying gene expression of
the myocytes and probably also send the “fast” signals to the regulators of sarcomere
assembly. The signaling pathways triggered by neurohormonal stimulation are initiated
by small G proteins, and although they share many features with mechanical stimulation
(Li, 1999), their activation of actin filament dynamics is possibly at the transcriptional
level. The differences between mechanical and neurohormonal pathways still requires

further investigation.

In the second part of the thesis, the significance of CapZ acetylation and
phosphorylation of CapZ on actin capping was demonstrated. K199 acetylation and
S204 phosphorylation were found in situations that increase CapZ and actin dynamics,
suggesting decreased CapZ capping capacity. This is consistent with the CapZ capping

model established by others, in which the altered dissociation rate of the basic residues
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on the a tentacle and surrounding region might lead to the addition of actin monomers
incorporated on the barbed end of the actin filament in vitro (Narita, 2006; Kim, 2010). In
this thesis, both PKCe and Class | HDACs, the two signaling pathways that were found
to regulate the PTMs of CapZ, have been reported to localize at the Z-disc and play
important roles in the generation of cardiac hypertrophy (Disatnik, 1994; Dorn, 1999;
Robia, 2001). The difference of the responding time of CapZ capping to mechanical or
neurohormonal stimulation, which has not been explored in depth here, should be
explored in more detail. For example, it would be interesting to observe the time course
of PTM changes of CapZ to see if they respond slowly to PE as CapZ dynamics do, or

respond quickly as for mechanical strain (Swanson, 2012).

This thesis has yielded new perspectives of how myocyte growth is initiated by actin
assembly in cardiac hypertrophy. This is also the first study working on how post-
translational modifications regulate CapZ capping while other studies focus on the CapZ
regulatory proteins such as V-1 and CapZIP (Zwolak, 2010; Kotlo, 2012). Rapid
response of CapZ capping indicates the ability of the myocytes to adapt to the change

of local mechanical stimuli.

With significantly increased deaths (40.8%) attributed to cardiomyopathy and
myocarditis in the past two decades and the projected increased prevalence of heart
failure (46%) by 2030 (Mozaffarian, 2015), the finding of the involvement PKCs and
HDACSs in CapZ capping could provide promising therapeutic targets for regulating

myocyte growth in the treatment of hypertrophy.



V. FUTURE WORK

Further work is needed in order to understand whether transient or chronic mechanical
stimulation lead to different outcomes of adaptation. The rapid response of actin thin
filament remodeling regulated by CapZ requires 2-3 hours of recovery time. It would be
interesting to know whether there is a difference in the time course of CapZ capping and
PTMs, and whether the long term maintenance of stimulation seen in chronic disease
prevents this normal recovery cycle, thus leading to pathological hypertrophy. This
could be done by observing the relationship between PTMs of acetylation and
phosphorylation over time and compare the changes with the switching of fetal genes

and myofibrillar protein isoforms (e.g., aMHC to BMHC or cTnl to ssTnl).

Furthermore, although 2DGE and MS results demonstrated the probability that
acetylation and phosphorylation on S204 and K199 affect CapZ capping, it is necessary
to do point mutations of S204 and K199. This would prove with direct evidence that the
two PTMs are the exact two sites leading to increased dynamics. The role of S204
phosphorylation could be tested by GFP-CapZp1 with S204A mutation (serine to
alanine). K199 acetylation could be tested by GFP-CapZf1 with K199R mutation
(lysine to arginine) (Kim, 2006). Then, whether S204A and K199R mutations of CapZ1

nullify FRAP dynamic increases can be tested in the future.

Finally, although results showed failing human heart tissue had elevated PTMs on CapZ,
it is required to prove by MS that they are at the S204 phosphorylation and K199
acetylation sites. Also, the effects of PKCe and HDACs on CapZ in whole heart animal

models with disease such as TAC are worth investigating. For example, it would be
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important to test the PTMs of CapZ under the variations of PKCe / HDAC isoform
expression. Additionally, an in depth exploration for the relationship between PKCe and
HDACSs activities to CapZ phosphorylation and acetylation in human heart tissue could
be done. The results of these experiments may provide insight for the treatment of heart

failure and cardiomyopathy.
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