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Abstract 

As the genetic causes of Hypertrophic Cardiomyopathy (HCM) have become widely 

recognized, considerable lag in the development of targeted therapeutics has limited 

interventions to symptom palliation. This is in part due to an oft-noted finding that similar point 

mutations within myofilament proteins are known to cause differential disease severity, 

highlighting the need to understand disease progression at the molecular level. One commonly 

described pathway in HCM progression is calcium homeostasis dysregulation, albeit little is 

understood about disruption of the pathway. This dissertation investigated the calcium 

homeostasis of two clinically relevant murine models of HCM expressing similar point 

mutations within myofilament proteins. A mutation-specific alteration in the calcium 

dissociation rate from the cardiac myofilament is proposed to as a primary mechanism of down-

stream calcium disruption. Two modes of intervention in down-stream calcium homeostasis 

were tested to as a means of improving directed therapies in HCM progression. The clinically-

utilized diltiazem hydrochloride, an L-type calcium channel blocker, revealed mutation-

specific symptom palliation but an inability to target within the disease mechanism itself. Due 

to this insufficient response to diltiazem, we investigated the role of the calcium-dependent 

kinase, CaMKII, and its persistent (autonomous) activation resulting from calcium 

dysregulation.  Partial inhibition of the autonomous activation of the kinase was shown to 

improve functional and morphological indices of failure in calcium-dependent HCM 

progression. Thus, we conclude a myofilament-linked derangement in calcium homeostasis 

that potentiates aberrant activation of CaMKII. Moreover, we position the kinase as a nodal 

point in disease progression and a potential therapeutic target for early, robust management of 

HCM in the clinical population. 
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Chapter 1: Introduction 

Genetic Cardiomyopathies: Hypertrophic Cardiomyopathy 
 

The American Heart Association defines cardiomyopathy as a disease of the heart muscle 

classified into four major types: Hypertrophic Cardiomyopathy (HCM), Dilated 

Cardiomyopathy (DCM), Restrictive Cardiomyopathy (RCM), and Arrhythmogenic Right 

Ventricular Dysplasia (ARVD). A new classification of disease has been recently 

recognized by the AHA as a distinct form of cardiomyopathy, Left Ventricular Non-

Compaction (LVNC). For the purposes of the research presented herein, this introduction 

will provide a detailed description of HCM specifically.  

HCM is the second most common form of cardiomyopathy affecting one in five 

hundred Americans and the most common form of genetic heart failure and sudden cardiac 

death in young people [6, 7]. It is characterized by diastolic dysfunction commonly 

associated myocyte disarray, variable fibrosis, and overt thickening of the ventricular wall 

(although updated guidelines of the disease recognize the lack of remodeling in some cases 

of HCM). In a landmark study in 1990 by Geisterfer-Lowrance et al., the first genetic cause 

of HCM was identified that linked mutations in sarcomeric genes to disease [8]. Since then, 

genetic studies have identified at least 20 different genes expressing mutations causative 

of HCM, with over 450 mutations found in genes that encode for sarcomeric proteins [9, 

10]. However, while the genetic causes are well described, there is a lack of high resolution 

understanding of the natural history of disease limiting available therapeutics to a non-

discrete subset of targets (for review [11]).  
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Cardiac Sarcomere: Structure and Function  
 

 The role of the heart is to match nutrient supply to the demand of the body 

throughout life. This requires a highly regulated pump that can maintain cardiac output on 

a beat to beat basis. Thus, even minor disruptions to this highly integrative system, such as 

single amino acid mutations, are not well-tolerated.  The fundamental unit of contraction 

within the heart is the cardiac sarcomere which spans from Z-disk to Z-disk and is made 

up primarily of the regulatory thin filaments, the enzymatic thick filaments, and the giant 

protein titin (Figure 1). The thin filaments are anchored within the Z-disk and span toward 

the middle of the sarcomere. The thick filaments are anchored within the middle of the 

sarcomere at the myosin (M)-line and span toward the Z-disk, overlapping with the thin 

filaments within the anisotropic (A) band. Titin spans the entire half-sarcomere, from the 

Z-disk to the M-line. The isotropic (I) band is composed of the thin filaments and titin. 

Through a series of complex inter- and intra-molecular interactions (described in detail in 

the “Excitation-Contraction Coupling” Section), the thin and thick filaments form cross 

bridges that pull the M-line toward the Z-disk, resulting in shortening the sarcomere and 

contraction.  

Regulatory Thin filament 

 The thin filament is a five-protein complex responsible for regulating and fine-

tuning muscle contraction to meet the demands of the heart. The functional unit of the thin 

filament comprises seven actin monomers, a tropomyosin (Tm) dimer, and a troponin (Tn) 

complex (C, I, and T) in a 1:1:7 ratio (Tn:Tm:Actin) (Figure 2). TnC, the calcium binding 

subunit, is a dumbbell-shaped protein composed of four canonical 
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Figure 1: Schematic Drawing of Cardiac Sarcomere. 

The sarcomere is the fundamental unit of contraction within the heart. It is made up primarily 
of the regulatory thin filaments (actin, tropomyosin, troponin complex), enzymatic thick 
filaments (MyBP-C, βMHC), and titin. Cross-bridges formed between these proteins lead to 
sarcomere shortening and contraction. Figure adapted from Rodriguez et al. [4]. 
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Figure 2: Computer Model of Atomistic Cardiac Full Thin Filament  

The cardiac filament is made up of actin (grey), tropomyosin (green and orange), and the troponin 
(Tn) complex: TnC (red), TnI (blue), TnT (yellow). These proteins work in concert to translate 
the calcium-status of the thin filament to modulate actinomyosin interactions. Model from 
Schwartz group (UA-Chemistry) [2]. 
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EF-hand motifs, two low-affinity calcium sites (I and II) within the N-terminus and two 

high affinity calcium binding sites (III and IV) within the C-terminus [12], connected via 

a flexible helix linker [13]. The C-terminal divalent-cation binding sites of TnC play a 

structural role, anchoring TnC to the troponin core [13]. Both sites are occupied under 

physiological conditions, likely by Mg2+ during diastole and calcium in systole, allowing 

for interactions with the switch peptide of TnI and TnT at the IT-arm. The N-terminal lobe, 

specifically site II in cardiac muscle, plays a regulatory role in initiation of muscle 

contraction. Site I has seven amino acid substitutions and one additional amino acid, 

rendering it unable to bind calcium [14] or regulate initiation of contraction. Of note, while 

elimination of the site II binding site prevented initiation of contraction in cardiac muscle 

preparations, an increase in calcium sensitivity of force generation was measured in fibers 

where sites I and II were activated, indicating incomplete regulation of the system by site 

II [15].  

Troponin I, the inhibitory subunit, is composed of 5 main structural domains: the N-

terminal extension, the IT-arm, the switch peptide, the inhibitory peptide, and the C-

terminal extension or mobile domain. The N-terminal extension, comprising the first 33 

amino acids in the cardiac isoform, contains the protein kinase A (PKA) phosphorylation 

site (23/24) [16]. Phosphorylation of these sites allows for beat-to-beat modulation of the 

rate of contraction and relaxation in response to β-adrenergic stimulation to meet the 

demands of the heart. The I-T arm is an inter-protein coiled coil formed by TnI and TnT 

that anchors the troponin complex to the thin filament [13]. The switch peptide is a key 

component of transmitting the calcium status of TnC to the rest of the complex [17]. In the 

presence of calcium-bound TnC (“open conformation”), the switch peptide has an 
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increased affinity for the hydrophobic pocket of TnC, stabilizing this open conformation. 

However, in the absence of calcium, this affinity for the hydrophobic pocket is decreased, 

and the switch peptide adapts a more extended conformation. This extended conformation 

allows the flexible inhibitory peptide to interact with Tm and actin, thereby inhibiting Tm’s 

movement along actin and maintaining an inactivated state of the system. Of note, the 

position of the switch peptide in between the IT-arm and the inhibitory peptide allows for 

the calcium-dependent structural rearrangements of this region to be allosterically 

transmitted throughout the thin filament via protein-protein interactions in a phenomenon 

known as the “drag and release” model of muscle activation [13]. The C-terminal extension 

contains the second actin/Tm binding site and is highly conserved between species. While 

no direct functional role has been assigned to this region, numerous studies have defined 

its importance in the inhibition and calcium-dependent activation of contraction [18, 19].  

Troponin T is considered to be the molecular glue that holds the thin filament complex 

together through its interactions with each of the four other proteins [13]. It is divided into 

two domains, cTnT1 and cTnT2, separated by a linker region. The N-terminal TnT1 

domain interacts with Tm and plays a role in cooperative activation of the thin filament. 

The N-terminus contains two negatively-charged exons expressed in the fetal isoform that 

are alternatively spliced out in the adult isoform [20]. The C-terminal cTnT2 domain is 

located within the troponin core and interacts with TnC and TnI, as described above, as 

well as with Tm in a calcium-dependent manner thereby anchoring the troponin complex 

[21]. While the linker region is known to play a role in transmitting the calcium status of 

the Tn core (cTnT2 domain) to the cTnT1 domain, the highly flexible nature of this region 

makes it difficult to study. 
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Tropomyosin is the canonical alpha-helical coiled coil that overlaps at the N- and C-

termini to form a highly flexible filament [22]. This filament is considered the “gate-

keeper” for activation whereby its position on actin is in equilibrium between three states: 

blocked, closed, and open [23, 24]. This inherent flexibility and mobility of the protein is 

conferred via weak electrostatic interactions that allow it to move along the surface actin 

in a calcium- and myosin-dependent manner, thereby regulating contraction.  

Actin is the most abundant protein within the cardiac thin filament and provides the 

backbone for formation of the regulatory structure. Alpha-cardiac actin is made up of two 

filamentous chains each comprised of a heptad-repeat of actin monomers. There are 

multiple myosin-binding sites on actin [23, 25] that, when exposed, lead to cross-bridge 

formation, filament sliding/sarcomere shortening, and ultimately contraction (discussed 

below).  

Thick filament  

 

A single molecule of myosin heavy chain (MyHC) is composed of an N-terminal head or 

motor domain, a neck region containing a hinge and two associated light chains, and a C-

terminal rod or tail domain. The head domain is divided into three clefts, the N-terminal 

25 kD domain, the middle 50 kD domain containing the nucleotide-binding site and actin-

binding site, and the C-terminal 20 kD domain [4]. Dimerization of two monomers results 

in the winding of the tails to form a single, helical tail with two heads oriented toward the 

thin filament.  These myosin dimers are arranged such that upon cross-bridge formation 

and cycling, movement of myosin along actin results in shortening of the sarcomere and 

thus contraction. Two different MyHC isoforms are expressed in cardiac muscle: α-MyHC 
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and β-MyHC.  α-MyHC has faster enzymatic activity (ATPase activity) and is the 

predominant isoform expressed during embryonic development in humans. β-MyHC is  

characterized by slower enzymatic properties (ATPase activity) and around birth, becomes 

the predominant isoform in humans throughout adulthood [5,6].  

 In 2000, Homsher et al. reported a nearly 30% increase in filament sliding speed 

and 50% increase in force production with the addition of the regulatory proteins into the 

in vitro motility assay [26]. These data suggested a primary role of the thin filament 

proteins in regulation of cross-bridge formation. The authors postulated that the proteins 

the presence of the regulatory proteins “…changes the myosin interaction surface of actin 

so that the combination of changes in the rate constants of [cross-bridge formation] occur 

to produce an increased force and unloaded sliding speed.” This hypothesis is supported 

by the three-state model of Tm [24], whereby its position on actin is determined by the 

calcium status of the troponin core and regulates the interactions between actin and myosin 

for cross-bridge formation.    

Excitation-Contraction Coupling 
 

To initiate contraction, electrical stimuli propagating from the auto-rhythmic, 

sinoatrial nodal cells depolarizes the sarcolemmal membrane, leading to the opening of the 

voltage-gated L-type calcium channels located at the T-tubule invaginations. These 

dihydrouridine receptors are formed by a hetero-tetrameric complex, whereby the 

membrane-spanning α1c subunit forms the voltage-gated pore for calcium-specific current 

flux (ICa) in the heart [27] . The channels are organized within the T-tubules such that they 

are in close proximity to ryanodine receptors located on the sarcoendoplasmic reticulum, 
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the main intracellular calcium store. This “dyad” minimizes the diffusion distance across 

the intracellular space for the entering calcium before binding to and opening the ryanodine 

receptors, leading to subsequent calcium release from the SR. This cytosolic calcium binds 

to the EF-hand of site 2 on cTnC, destabilizing the closed conformation of cTnC and 

increasing the affinity of the switch peptide of cTnI for the N-terminus of cTnC (Figure 3). 

This leads to a decrease in the interaction between the inhibitory peptide of cTnI and actin 

as described above, allowing for an increase in Tm mobility. The azimuthal movement of 

Tm along actin then exposes myosin-binding sites on actin to allow for cross-bridge 

formation. The head to tail, interdigitating overlap region of Tm allows for these structural 

alterations to be transmitted across neighboring thin filaments, ensuring a cooperative 

activation of the muscle [22].  

Simultaneously, an ATP molecule that is bound to the nucleotide pocket of myosin motor 

domain hydrolyzes into ADP and an inorganic phosphate ion (Pi), priming the myosin 

molecule for the power-stroke. This allows the myosin to form weak electrostatic 

interactions with the actin filament via the actin-binding cleft. Myosin releases the Pi ion 

and further closure of the binding cleft onto actin leads to further shifting of Tm along actin 

to allow for full exposure of the binding sites and strong binding. Of note, regulation of the 

cross-bridge cycling by the troponin complex confers increased calcium sensitivity and 

velocity of contraction as compared to unregulated Tm:Actin alone filaments [28, 29], 

likely due to their allosteric effects cooperativity and positioning of Tm throughout the 

cycle. The power-stroke occurs as myosin is pulled along actin, resulting in shortening of 

the muscle and ultimately contraction.  
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Myosin and actin remain bound in a state known as rigor until another ATP 

molecule binds to myosin, leading to dissociation of the cross-bridge. Calcium quickly 

dissociates from cTnC and is removed from the cytosol via energy-requiring and gradient 

driven pumps, namely the plasma-membrane bound Na-calcium exchanger (NCX) and the 

sarcoendoplasmic reticulum calcium-ATPase (SERCA2a, cardiac isoform). In humans, 

nearly 75% of cytosolic calcium is pumped into the SR, against a calcium gradient, where 

it is bound to the calcium-buffering protein calsequestrin [30].  The remaining 25% is 

pumped out of the myocyte via the NCX and any residual calcium is removed via plasma-

membrane bound calcium ATPase. The SERCA2a pump is reversibly regulated by a small 

protein, phospholamban (PLB). An increase in phosphorylation of PLB at site Ser16 by 

protein kinase A (PKA) and/or Thr17 by Calcium-Calmodulin Kinase II (CaMKII) results 

in a conformational change within PLB and removal of inhibition on SERCA2a activity 

[31-33]. The notion of whether PKA and CaMKII phosphorylation of PLB is a redundant 

system, or if one phosphorylation event is sufficient to relieve inhibition on SERCA2a 

activity, has been a debate for years [34]. Some of the most compelling data comes from a 

series of transgenic animals in which Ser16 and Thr17 were sequentially mutated to 

determine the physiological role of their phosphorylation [35]. The authors suggest that the 

phosphorylation of both sites is necessary to induce a robust response to increased β-

adrenergic stimulation. However, increased activation of the β-adrenergic pathway, Ser16 

phosphorylation, seem to be necessary to initiate activation of CaMKII and Thr17 

phosphorylation.  
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Figure 3: Calcium Regulation of Cross-Bridge Formation 

 (A) Figure and legend adapted from Chung et al. [3]. The potential structural change that occurs 
in TnI upon Ca2+ removal from TnC and TnI binding to actin (cyan TnI (purple switch peptide); 
red TnC). (B) Figure and legend adapted from Pearson Education. 1) Myosin binds to actin, 
leading to the release of inorganic phosphate and strong actinomyosin binding. 2) The myosin 
and actin filament slide past each in a phenomenon known as the “power-stroke”. 3) Release of 
ADP post-power stroke leaves the myosin head bound to actin in the rigor state. 4) Binding of a 
new molecule of ATP to myosin leads to the release of myosin from actin. 5) Hydrolysis of the 
ATP molecule into inorganic phosphate and ADP cocks the myosin for subsequent interactions. 
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Many therapies implemented in clinical management of HCM have been targeted 

to restoring calcium homeostasis in an effort to improve diastolic function in patients. One 

such therapy is LTCC blockers like diltiazem hydrochloride (diltiazem-HCl), which bind 

to the α1c subunit of non-dihydropuridine channels and act to reduce contractility and heart 

rate and increase peripheral vasodilation.  Diltiazem-HCl has been utilized in animal 

studies to monitor the effects of treatment on diastolic function and cardiac morphology in 

HCM-associated mutations [36-38]. Westermann et al. showed a blunting of diastolic 

dysfunction after short-term treatment (50 days) while Semsarian et al. reported an 

improvement in diastolic function, ventricular remodeling, and histopathology in 

diltiazem-HCl treated animals (30 weeks treatment). Furthermore, in a pilot trial utilizing 

diltiazem-HCl in a pre-clinical cohort of sarcomeric HCM, Ho et.al described a blunting 

of diastolic dysfunction and cardiac remodeling with treatment [39]. The geometric 

improvements, however, regressed only a year after treatment concluded. Of note, the trial 

proved to be an advantageous early intervention for patients carrying MyBP-C mutations 

as indicated by improved diastolic function and reduced remodeling, suggesting a blunting 

of disease progression. In contrast, MyH7 carriers exhibited progressive cardiac 

remodeling and continued diastolic dysfunction throughout treatment with 20% (2/10) of 

the MyH7 group diagnosed with clinical HCM during the treatment course [40]. The 

authors speculated a mutation-specific response to diltiazem treatment and emphasized the 

necessity of defining the natural history of disease pathogenesis. Recently, Flenner et al. 

reported improved contractile performance in isolated ventricular cardiomyocytes from 

mice expressing an HCM-associated myosin binding protein C mutation with acute 

diltiazem treatment. Interestingly, there was no improvement in remodeling in these 
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hypertrophied mice with long-term diltiazem treatment. Together, these studies suggest 

that the time of onset to disease and remodeling is a critical component to therapeutic 

intervention in HCM and thus understanding early progression within the disease is 

imperative. 

Calcium-Calmodulin Kinase-II: Structure and Function in the Heart 

There are two major isoforms of calcium/calmodulin-dependent kinase II expressed in 

the heart: CaMKIIδ and CaMKIIγ. The predominant cardiac isoform is CaMKIIδ, a 

serine/threonine kinase that targets the consensus sequence RXXS/T [41].  EM 

reconstruction depicts the dodecameric complex as two rings of six subunits each stacked 

on top of each other (Figure 4) [42].  Each hexameric ring is comprised of a core containing 

the C-terminal association domains and “foot and leg-like” projections of the interacting 

N-terminal catalytic and autoregulatory domains. The autoregulatory domain is composed 

of two subdomains: the N-terminal pseudo-substrate inhibitory subdomain and the C- 

terminal calcium/CaM-binding subdomain [43].  As described by an autoinhibited model 

of the holoenzyme [43], the pseudo-substrate inhibitory domain contains residues that 

mimic a substrate of the kinase and is responsible for maintaining the autoinhibited 

CaMKII structure. As its name implies, CaMKII is activated upon increased calcium levels. 

Upon an influx of calcium, calmodulin (CaM) binds four calcium ions, one at each EF-

hand motif.  Upon binding of calcium/CaM to CaMKII, the CaM-binding domain of the 

kinase is cooperatively, allosterically activated. The activated form of the kinase is thought 

regulated by various protein phosphatases, including PP1 and PP2, but in depth 

understanding of this regulation is still lacking [44].  
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One feature of CaMKII is its ability to self-phosphorylate, resulting in autonomous activity 

of the kinase. In the inactivate state, the substrate binding site of the catalytic domain is 

blocked by the inhibitory subdomain of an adjacent subunit. This renders Thr287, the 

internal self-phosphorylation residue, inaccessible as it is buried within a hydrophobic 

pocket of the catalytic domain [43].  Extension of the inhibitory subdomain upon activation 

allows for interaction between it and the catalytic domain of an adjacent subunit such that 

Thr287 is precisely aligned for γ-phosphate transfer from ATP. Because Thr287 is 

embedded in a CaMKII consensus sequence, the residue can be recognized by an adjacent 

catalytic domain, resulting in transphosphorylation of Thr287.  Addition of the negatively 

charged group to the residue prevents Thr287 from interacting with its binding partner in 

the catalytic domain, thereby preventing future inactivation of the subunit. Of note, 

analytical ultracentrifugation revealed antiparallel dimerization of the regulatory segments 

of the catalytic domains, likely an evolutionary feature that would orient the domains far 

enough away from each other to prevent “accidental transphosphorylation” [45]. Crystal 

structures of the kinase determine that this transphosphorylation of Thr287 is cooperative 

throughout a single holoenzyme [46], resulting in auto-activation of CaMKII. Thr287 auto-

phosphorylation also results in CaM trapping in which conformational changes precisely 

orient the CaM-binding domain helix to allow for auto-phosphorylation of residue Thr 307 

within this region, disrupting the ability of calcium/CaM to re-bind to the still activated 

CaMKII  [47, 48]. Thus, these structural changes render CaMKII in fully activated state, 

independent of calcium/calmodulin.  



24 
 

  

Figure 4: CaMKII Monomer and Holoenzyme. 

A) CaMKII structure. Figure and legend adapted from Couchonnal and Anderson [1]. The 
CaMKII monomeric subunit consists of an NH2-terminal catalytic domain, a regulatory 
domain, and a COOH-terminal association domain. Within the regulatory domain is the 
pseudosubstrate sequence that binds to the catalytic domain, a CaM binding domain, and 
Thr287, which becomes autophosphorylated by a neighboring CaMKII monomer. Met280/281 
can undergo oxidation by reactive oxygen species. The association domain, which is 
responsible for assembly into the holoenzyme, contains a hypervariable domain. Twelve to 
fourteen of these subunits multimerize together to form the CaMKII holoenzyme. B) CaMKII 
activation. Ca2+/CaM binds to the regulatory domain, inducing a conformation change that 
releases the catalytic domain from the inhibitory effects of the regulatory domain, allowing for 
the transfer of a phosphate group to substrates. This conformation change also exposes Thr286. 
Phosphorylation of Thr286 occurs when a neighboring monomeric subunit within the same 
holoenzyme has been preactivated by CaM.  
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The role of this multifunction kinase in the normal heart is to facilitate EC coupling in 

conjunction with β-adrenergic stimulation to meet the demands of the body. CaMKII 

phosphorylates both L-type calcium channels and Nav1.5 channels, leading to an increase 

in open probability of the channels and enhancing the specific currents through these 

channels [49-52]. Alternatively, the CaMKII-mediated phosphorylation of the voltage-

gated K+ channels results in an increase in the rate of repolarization of the potential, 

consequently increasing the frequency of myocyte relaxation [53]. Other known targets 

include SR associated proteins PLB and RyR [54]. Thr-17 is the most well-understood 

target of CaMKII  within the myocyte, whereby phosphorylation of this residue leads to 

reduced inhibition of SERCA2 activity and an increase in uptake of calcium into the SR. 

Alternatively, CaMKII mediated phosphorylation of RyR leads to an increased open 

probability of the receptor and calcium leak from the SR. Together, the phosphorylation of 

these key calcium handling proteins by CaMKII (and PKA) is necessary for maintained 

myocellular calcium homeostasis.  

As CaMKII activity is intrinsically linked to β-adrenergic stimulation, increases in both 

kinases have been implicated in heart failure progression [55]. The hyper-phosphorylation 

of the calcium handling targets via CaMKII leads to increased incidences of arrhythmias, 

including early after depolarizations (EADs) and delayed after depolarizations (DADs) 

which are associated with sudden cardiac death [55-58]. Thus, numerous animal models 

have been developed to study the role of cardiac CaMKII in heart failure progression as a 

potential therapeutic target. In a double knock out model of both cardiac isoforms of 

CaMKII (δ and γ), the animals were shown to be protected against pressure-overload 

induced cardiac remodeling and heart failure. Interestingly, the knock-out animals were 
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not protected against calcineurin-induced cardiac remodeling, indicating that the cardiac 

remodeling induced by pressure-overload is the result of CaMKII activity rather than 

calcineurin. Upon investigating the role of the predominant cardiac isoform CaMKII  

specifically, a knockout model was shown to be resistant to cardiac remodeling and heart 

failure induced by trans-aortic constriction [59]. The authors speculated this was due to a 

reduction in the phosphorylation of RyR by CaMKII and a reduced calcium leak in the KO 

animals as compared to the NT TAC-animals. 

Alternatively-spliced variants of CaMKII, the nuclear CaMKIIB and the cytoplasmic 

CaMKIIC, are also over-expressed in heart failure and can lead to pathological signaling 

cascades. CaMKIIB has been shown to include an 11 amino acid long nuclear localization 

sequence within the hypervariable region [60], thus allowing it to phosphorylate nuclear 

targets and modify the expression of various genes including histone deacetylases 

(HDACs) [61] and calcineurin [62]. In the case of histone deacetylases (HDACs), HDAC4 

and HDAC5 regulate the activity of myocyte enhancer factor 2 (MEF2). Upon 

phosphorylation, the inhibitory regulation elicited by HDAC4 and 5 is relieved and 

transcription of MEF2 mediated genes occurs [61]. Additionally, phosphorylation of 

calcineurin (Cn), a calcium/CaM phosphatase, leads to its inactivity [63]. This results in 

the inability of Cn to dephosphorylate cytoplasmic N-FAT, preventing its translocation 

into the nucleus and subsequent activation of the expression of cardioprotective anti-

apoptotic and hypertrophic genes [62]. Of note, no increased CaMKII  phosphorylation or 

activation of the MEF2 pathway was measured in finished disease human myectomy 

samples, suggesting a species specific effect of MEF2 activation [56]. 
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In contrast to the nuclear splice-isoform, the cytoplasmic isoform is contained within 

the cytoplasmic space only, and thus is postulated to have a minimal role in hypertrophy 

signaling. In transgenic mouse models over-expressing the CaMKIIC splice-isoform, a 

DCM phenotype emerged, characterized by systolic function and premature death around 

16 weeks [64]. The authors concluded that the heart failure was the result of an early 

increase in phosphorylation of RyR by CaMKII that led to diastolic calcium leak and 

reduced SR calcium content. While there was a concomitant increase in the 

phosphorylation of Thr17-PLB, the authors noted the reduced SERCA levels were 

insufficient to recover the SR content, leading to the systolic dysfunction in the animals. 

While these studies highlight the complexity of regulation of CaMKII within the heart, 

they also provide insight into particular states of the kinase for therapeutic targeting that 

will allow for more precise intervention in disease progression.  

 The notion of CaMKII as a therapeutic target has been discussed for many years, 

given its prevalence not only in the heart but in many other systems including the brain and 

lungs. Unfortunately, current small molecule and peptide inhibitors targeted to CaMKII 

have proved ineffective as a translatable therapeutic due to insufficient pharmacokinetics 

and efficacy (for review [65]).  

The most widely used intervention is the peptide inhibitor known as KN-93, 

developed by Sumi et al. [66]. This peptide works in competition with Ca2+/CaM to prevent 

the binding of the activated complex to the kinase itself. Of note, KN-93 is not capable of 

directly blocking the autonomous activity of the kinase. However, it reduces the auto-

activity via mass-action whereby a portion of the potentially Ca2+/CaM activated pool of 

the kinase is removed, resulting in a decrease in the activated pool to transition into the 
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auto-activated state. KN-93 was shown to be selective to CaMKII in comparison to other 

kinases, but does have effects on various targets of the kinase, including the LTCCs and 

K+ channels [65]. While the peptide is a great tool to study CaMKII inhibition, the 

translational potential is low due to its off-target effects and low potency in in vitro assays. 

 Another potential therapeutic intervention for CaMKII activity is CaMKIIN 

(shortened peptide- CaMKIINtide) which has been shown to inhibit the activated structure 

of the kinase only [67]. Due to the mechanism of inhibition, this inhibitor is proposed to 

effect by the activated and autonomously activated states of the kinase, independent of the 

mechanism of auto-activation. While the peptide has been shown to be a highly potent 

inhibitor (~100-fold higher than KN-93), studies have suggested a disruption in the 

anchoring of CaMKII to its myocellular substrates in the presence of CaMKIIN [65]. As 

docking of the kinase is necessary for signal transduction, this interference is proposed to 

lead to secondary, downstream effects in other signaling networks. Thus, while the kinetics 

of the system are ideal, the postulated off-target effects limit the potential of the peptide as 

a clinical therapeutic intervention. 

 The final subclass of CaMKII inhibitors are the autocamtide-inhibitor proteins 

(AC3I and AC2I) which inhibit the autonomous activity of the kinase, specifically [68]. 

These peptides contain a mutated Thr286/287Ala, and upon competitively binding to the 

kinase, prevent self-phosphorylation and auto-activation. The AC3I peptide fused to a 

GFP-protein was used to generate a cardiac-specific transgenic model of partial inhibition 

of CaMKII auto-activity [69]. These animals exhibit a cardioprotective effect against 

remodeling and heart failure in response to a myocardial infarction and a blunted induction 

into pro-arrythmic activity [70]. Of note, while in vitro assays suggest a non-selective 
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PKD1 inhibition in addition to the CaMKII effect [70], in vivo testing has shown no effect 

on PKD1 activity in these animals [71]. Even still, translating this small peptide inhibitor 

into the clinical realm will require continued, extensive characterization of the off-target 

effects before implementation into patients.  

The N-terminus of Cardiac Troponin T is a Mutational Hotspot in HCM 
 

 Approximately 15% of HCM mutations are found within cTnT, with nearly 65% 

localized to the highly flexible cTnT1 region [72]. This mutational clustering highlights 

the functional significance of this terminus in the transmission of the calcium status 

throughout the thin filament for cooperative activation. Interestingly, this region also 

typifies an oft-noted finding in HCM whereby similar point mutations lead to varying 

degrees of remodeling and disease severity in the patient population. An example of the 

phenomenon is the three mutations found at site 92 in which the arginine has been mutated 

to a leucine (R92L), tryptophan (R92W), and a glutamine (R92Q). Each of these mutations 

has been shown to be causative of HCM in multiple families, leading to varying degrees 

of hypertrophy and incidence of sudden cardiac death [73-75]. For the purposes of this 

dissertation, only the cTnT R92L and R92W mutations will be discussed in depth. 

 cTnT r92L was first identified in 1996 by Forissier et al. in a family of French origin 

[73]. The mutation was found to be 100% penetrant but led to varying degrees of 

hypertrophy whereby two of the affected family members were characterized by severe left 

ventricular hypertrophy while two other members presented with minimal hypertrophy. 

The mutation was not shown to be associated with a high degree of sudden cardiac death. 

cTnT R92W was first identified in a family of South-African origin and characterized by 
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minimal hypertrophy [74], a common finding in many cTnT-linked HCM mutations [76]. 

Unlike R92L, the R92W mutation was characterized by a high incidence of sudden cardiac 

death at a young age (~33% <18 years of age).  

  To study the mutation-specific progression to HCM in these highly similar point 

mutations, Ertz-Berger et al. generated two independent transgenic mouse models 

expressing the cTnT R92L and R92W mutations [77] (Figure 5). Both animal models 

express approximately 50% of the transgene which closely mimics the predicted expression 

levels in the patient population. Furthermore, the animals were shown to phenocopy the 

human form of the disease whereby the R92W animals exhibit minimal hypertrophy but 

enlarged atria, indicating diastolic dysfunction while the R92L animals exhibit progressive 

hypertrophying, atrial enlargement, and diastolic dysfunction. Isolated fibers from the 

animals exhibited a similar increase in calcium sensitivity of force generation and reduced 

cooperative activation, a common finding in HCM-associated mutations [78]. This reduced 

cooperative activation was attributed to a reduced affinity of the mutated cTNT for Tm, 

resulting in an increased distance between cTnT and Tm in the presence of these mutations 

[79, 80]. While similar structural and functional alterations all likely contribute to the 

progression of disease in these animals, they do not provide insight into the mutation-

specific alterations that govern the differential disease seen in the patients. 

Guinto et al. investigated the myocellular mechanics and calcium handling in these 

animals [81]. At two months of age, both R92L and R92W myocytes exhibited similar 

reductions in baseline sarcomere lengths and increased time to relaxation (50% and 90%), 

indicating early dysfunction. By 6 months of age, contractile performance was improved 

in both genotypes although slightly reduced baseline sarcomere lengths and increased 
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Figure 5: Arginine 92 in Cardiac cTnT is a Mutational Hotspot in HCM. 

A) Residue R92 is located within the N-terminal hyper-variable region of cTnT. The residue is 
depicted by a black sphere. B) Cardiac morphology of 6-month old R92L and R92W animals 
expressing approximately 50% cTnT transgene. The white bars indicate left ventricular free 
wall and are representative of the differential ventricular hypertrophy seen in the animals (and 
in patients). Both R92L and R92W animals exhibit significantly enlarged atria, indicative of 
severe, long-standing diastolic dysfunction. 



32 
 

relaxation time constants indicated impaired relaxation. These contractile parameters were 

coupled to myocellular calcium handling as a means of defining the mechanisms behind 

the altered function. Both R92L and R92W animals exhibited early dysregulation in 

calcium kinetics as measured via transients including decreased rates of calcium decline. 

Interestingly, R92W animals exhibited an increased resting calcium level and decreased 

peak amplitude, that was coupled to a reduced SR calcium load and decreased SERCA2a 

uptake rate in these animals. By 6 months of age, R92W calcium handling was improved 

as noted by reduced intracellular calcium level and normalized peak amplitude, SR load, 

and SERCA2a activity. These temporal derangements and subsequent improvements were 

not seen in the R92L animals, indicating a calcium-independent pathway to HCM in these 

animals. Thus, the authors speculated a potential mechanistic pathway in which these 

similar point mutations progress to differential disease severity and presentation in the 

human population.  
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Hypotheses and Research Design 
 

The work presented herein focuses on linking a known genotype to phenotype in 

HCM. Two clinical HCM mutations were utilized to understand the mechanisms by which 

these single point mutations progress to disease by coupling in silico modeling and disease 

at the atomic level to in vitro molecular level alterations to in vivo whole animal studies. 

Multiple therapeutic modalities were investigated to determine the efficacy of current 

therapies as well as test potential new therapeutic interventions for patients. 

Aim 1: To investigate the effects of the cTnT R92L and R92W mutations on calcium 

kinetics at the level of the thin filament. 

Hypothesis: Mutation-specific alterations in calcium dissociation kinetics are a trigger to 

the differential down-stream calcium dysregulation seen in the cTnT R92L and R92W 

animals.  

Stopped flow kinetics were performed on fully reconstituted thin filaments to determine 

the effects of the mutations on dynamic myofilament calcium handling. These in vitro 

results were coupled to in silico modeling of the cardiac full thin filament to obtain atomic 

level resolution into the structural insults that governed these functional alterations.  

Aim 2: To determine the efficacy of a commonly utilized clinical intervention, 

diltiazem hydrochloride, on the progression of HCM in cTnT R92L and R92W 

animals.  
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Hypothesis: Diltiazem hydrochloride will differentially modulate disease progression in 

the calcium-dependent cTnT R92W animals as compared to the calcium-independent R92L 

animals. 

Two independent, transgenic animal models expressing the cTnT R92L and R92W 

mutations were treated with a clinically relevant dose of diltiazem hydrochloride for three 

months. Cardiac function and morphology was monitored via 2D echocardiography 

throughout treatment to determine the effects of early intervention in these animals. 

Aim 3: To investigate the role of autonomous CaMKII activity in HCM progression 

via genetic partial inhibition with the AC3I peptide.  

Hypothesis: Increased autonomous CaMKII activity plays a role in early cTnT R92W HCM 

progression only.  

A transgenic mouse model expressing a cardiac-specific peptide inhibitor of auto-activated 

CaMKII was bred to the cTnT R92L and R92W animals. SERCA2a activity was measured 

in the double transgenic animals (R92L+AC3I) and correlated to the phosphorylation status 

of PLB. Cardiac function and morphology was monitored at two and six months of age via 

echocardiography and harvested tissue to determine the role of auto-activated CaMKII in 

disease progression.  
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Chapter 2: Methods 

 

Site Directed Mutagenesis 

Point mutations were introduced into the specific human cDNA plasmid via the 

QuikChange II XL site-directed mutagenesis kit (Stratagene/Agilent, Santa Clara, CA, 

USA). Human cTnT, cTnI, and cTnC cDNA inserted into the pET3D plasmid 

(Novagen/Merck, Billerica, MA, USA) were a generous gift from Dr. James Potter. 

Individual primers were designed to mutate the specific residue in the QuikChange II XL 

Primer Design site. These primers were optimized for this kit and were designed to overlap 

the mutation site by at least 10 basepairs in either direction on both the forward and reverse 

primers. The following criteria, set forward by the Qiagen QuikChange II XL manual were 

met for each of the primer sets: 25-40 basepairs long, a melting temperature of ≥78°C, and 

a GC content of ~40%. Individual primer sets were made to introduce the following 

mutations: R92W, R92Q, and TnI E32A (Table 1). cTnC T53C/C35S/C84S and cTnT 

R92L were already designed by previous members of the laboratory. Primers were HPLC 

purified (Invitrogen) and diluted to a concentration of 125 ng/µL in molecular grade water. 

The PCR reaction contained the following reagents: 10X reaction buffer*, 5-50ng plasmid 

DNA of interest, 125 ng forward primer, 125 ng reverse primer, 1µL of dNTPs*, 1µL of 

high fidelity PfuUltra DNA polymerase*, and mixed with molecular grade water to final 

volume of 50 µL (* = provided with kit). The fidelity of the PfuUltra DNA polymerase 

allows for a high efficiency of proper base pairing and  
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Table 1: Mutageneic Primers for Site-Directed Mutagenesis 

Human cardiac, full-length cDNA was utilized for in vitro purification. Site-Directed 
mutagenesis was performed as per QuikChange-II XL kit manual (Agilent Technologies). 
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thus, allows for incorporation of a single base pair switch necessary to introduce the 

mutation of interest. The PCR reaction was carried out in the Eppendorf Thermocycler in 

suggested conditions as per the manual. The amplified cDNA was then digested with DpnI 

to remove any methylated, parental DNA. The digested cDNA was then transformed into 

the ultra-competent XL-10 Gold cell line (Stratagene/Agilent, Santa Clara, CA, USA) 

according to the standard protocol. These cells were plated on Luria-Bertani (LB)-Agar + 

ampicillin plates and grown at 37°C, 5% CO2, for ~16 hours to allow for select growth of 

the cells conferring amp-resistance through the plasmid of interest. Individual colonies 

were selected and amplified in LB Broth + Amp for ≥ 7 hours at 37°C, 225-250 rpm. The 

cells were then harvested, lysed, and the plasmid cDNA purified via Qiagen mini (or midi) 

kit preparations. Of note, all plasmid cDNA was eluted with water due to increased 

efficiency of elution compared to the provided elution buffer. Purified plasmid cDNA was 

submitted to the UA Sample Lifecycle Manager (SLM) Core for sequencing. Absorbance 

peak profiles of the sequences were analyzed with SnapGene Viewer 3.3.3 (SnapGene) and 

cDNA was translated with ApE (A plasmid Editor) V2.0.49.10 software. Protein sequences 

were input into the Basic Local Alignment Search Tool (NCBI) and aligned to sequences 

within the database and the known protein sequence of each specific protein to verify 

incorporation of mutation.  

Troponin Purification 
All chemicals were obtained from Sigma-Aldrich unless otherwise noted. Human 

cardiac TnC, TnI, TnT, and Tm were encoded in individual pET-3D plasmids 

(Novagen/Merck, Billerica, MA, USA). TnC, TnI, TnI, and ala-ser Tm WT were 

transfected into E.coli BL-21 competent cells (Novagen/Merck, Billerica, MA, USA) via 
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a standard protocol. TnT was transfected into Rosetta competent cells to increase 

expression of the protein due to a specific exon within the plasmid. Transfected cells were 

amplified in LB broth + Amp and further grown in an auto-induction media at 37°C, 250 

rpm, 14-16 hours: TnT, TnI- LB Broth, TnC- Terrific Broth (TB), Tm- ZYP media. These 

media contain the necessary nutrients for cell growth and protein expression including 

sugars and carbons for initial amplification of the cells and lactose for the LacZ-driven 

expression of the proteins. After cell amplification and protein expression, the cells were 

spun down at 4,000 rpm for 20 minutes and the pellets were resuspended in the appropriate 

denaturing buffer (Table 2). The suspension was then sonicated at half speeds on ice for 6-

8 rounds of 30 seconds with 1.5minute rest to mechanically lyse the cells. The lysate was 

then centrifuged at 17,000 rpm for 45 minutes and SDS-PAGE was utilized to confirm 

presence of protein over-expression in the supernatant. 

The supernatant was then loaded into the cleaned and equilibrated FPLC column 

containing the desired resin for purification. Of note, all chromatography was performed 

at 4°C under completely unfolded/denatured conditions, with the exception of the phenyl-

sepharose (hydrophobic pocket) column which requires completely folded protein and is 

stored and used at room temperature. Bound protein was then washed and eluted from the 

column and SDS-PAGE was utilized to confirm fractions that contained the partially 

purified protein of interest. Fractions were pooled and dialyzed against the buffer specific 

to the second column for 6-8 hours at 4°C. Dialyzed protein was then loaded into the second 

column, washed, and eluted. SDS-PAGE was used to confirm presence of protein and 

concentrated fractions were pooled. Absorbance spectrophotometry was utilized to  
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Table 2: High Performance Liquid Chromatography Column Purification for 
Troponin Proteins. 

Proteins were loaded into each specific column, washed, and eluted with column-appropriate 
buffers. 
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determine the protein concentration based on known extinction coefficients for the thin 

filament proteins (Table 3). Protein was aliquoted and stored at -80°C for further use. 

Tropomyosin Purification 

Alanine-serine tagged α-tropomyosin (as-Tm) cDNA in a pET-SUMO vector 

(provided by Dr. Wieczorek) was moved into the pET3D vector (Novagen/Merck, 

Billerica, MA, USA) and mutated via Quick-Change site-directed mutagenesis 

(Stratagene/Agilent, Santa Clara, CA, USA) to introduce D230N. The ala-ser tag on Tm 

mimics the N-terminal acetylation necessary for in vitro head-to-tail polymerization, 

binding to actin and Tn, and regulatory function of the myosin ATPase [82, 83]. WT and 

D230N mutated as-Tm were transformed into BL21 competent cells ((Novagen/Merck, 

Billerica, MA, USA). as-Tm was isolated through a set of pH changes: first lowered to 4.6 

with 1 N HCl, centrifuged at 14,000 rpm for 20 min at 4C, the pellet was resuspended 

with 1 M KCl pH 7.0+ and pH was raised above 7.0 with 1 M KOH. The sample was 

centrifuged again and the acid/base pH changes were repeated three times. The final 

supernatant was cut with 65% ammonium sulfate, pH was adjusted between 7 and 8, and 

the solution was centrifuged at 10,000 rpm for 20 minutes at 4C. These steps were then 

repeated with 70% ammonium sulfate. The pellet containing Tm was resuspended in 7.5 

mM β-mercaptoethanol (βME) pH > 7.0, then dialyzed at 4C against 2mM βME pH 7-8 

to remove ammonium sulfate. 

Actin Purification 

Actin was purified from rabbit skeletal muscle as previously described [84] with 

slight modifications. Rabbits (~3kg) were obtained from (Harlen) housed in the AHSC  
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Table 3: Parameters for full-length proteins of cardiac thin filament. 

These variables were utilized for determination of protein concertation via Beer’s Law as 
measured in the spectrophotometer.  
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vivarium. The veterinary staff utilized a barbiturate and cardiac puncture to sacrifice the 

anesthetized animals and tissue harvest began immediately. The animals were quickly 

skinned, bled, and organs were removed before packing the carcass on ice. The first 

100gm of fast skeletal muscles (psoas and gastrocnemius) were dissected to be used for 

myosin extraction (discussed below). The rest of the skeletal muscle was dissected, 

removed of fascia, and ground in an ice-cold meat grinder previously rinsed with 0.2mM 

EDTA. Ground muscle was weighed into 300gm portions and either immediately 

processed or stored at -80°C. 

 After dialysis against 0.4% NaHCO3, the muscle was dialyzed against buffer 

containing 10mM NaHCO3, 10mM Na2CO3, and 0.1mM calcium. The protocol was 

continued after this step. The purified actin acetone powder was converted into 

filamentous actin via a modified protocol [85]. The actin acetone powder was extracted 

against Buffer A containing 10 mM Tris, 0.2 mM CaCl2, 0.2 mM ATP, 0.2 mM DTT, pH 

8.0 for 20 minutes. 

Rabbit Skeletal Myosin S1 Purification 

Myosin was extracted and prepared from rabbit skeletal muscle as previously 

described [86]. This method was used, as opposed to E.coli purification of human myosin, 

due to myosin’s large size and inability to fold correctly in non-muscle specific cells [87]. 

Additionally, this method is necessary to obtain enough myosin for experimentation. The 

myosin solution concentration was determined by absorbance at 280 nm using an 

extinction coefficient of 0.52g/L-1cm-1. For R-IVM experiments a 50:50 myosin:glycerol 
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solution was stored at -20C. Heavy Meromyosin (HMM) was prepared from glycerinated 

myosin as previously described [88]. 

Thin Filament Reconstitution 
 

Reconstituted thin filaments described in this thesis were only utilized for Stopped 

Flow kinetics (described below), thus these methods describe the reconstitution process for 

that specific experiment. Troponin complexes were reconstituted in a 0.8:1.2:1.3 ratio (TnC 

T53C : TnI : TnT) through a series stepwise buffer changes containing 30 mM Mops, 1.25 

mM MgCl2, 1.25 mM CaCl2, 1.5 mM DTT, pH 7.0 and 1) 6 M urea + 0.5 M KCl, 2) 4 M 

urea+ 0.5 M KCl, 3) 2 M urea + 0.5 M KCl, 4) 0 M urea+ 0.5 M KCl, 5) 0 M urea, 0.4M 

KCl. After filtration and centrifugation, the supernatant was polymerized with 0.05M KCL 

and 2 mM MgCl2 for one hour at room temperature. Solid KCl was added to a final 

concentration of 0.6 M and actin kept at 4ºC with slow stirring for 1 hour. The polymerized 

actin was then centrifuged at 12,000-14,000 rpm for 7-8 hours. After clarification, the actin 

was polymerized (F-actin) with 0.05 M KCL and 2 mM MgCl2 for one hour at room 

temperature. Thin filaments were reconstituted in a ratio of 0.8:1.0:7.5 (Tn complex: Tm 

WT: F-actin) in buffer 4 above. The filaments were then dialyzed three times against a 

working buffer containing 10 mM Mops, 0.15 M KCl, 1 mM DTT, 3 mM MgCl2, 200 µM 

CaCl2, pH 7.0 for 6-8 hours each.  

Stopped Flow Kinetics 

TnC T53C/C35S/C84S (herein denoted as TnC T53C) was labeled with an 

environmentally was labeled with an environmentally sensitive, thiol-reactive probe 2-(4' 
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(Iodoacetamido)anilino)naphthalene-6-sulfonic acid (IAANS) to monitor conformational 

changes near the calcium binding pocket in the presence and absence of calcium [89]. The 

protein was labeled as previously described [90] with slight modifications. TnC T53C was 

dialyzed 3 x 6-8 hour changes against a labeling buffer containing 50mM Tris, 6M urea, 

90mM KCl, 1mM EGTA, 10µM DTT, pH 7.5. A five-fold excess of IAANS (light-

sensitive) was dissolved in 500µL of dimethyl-sulfoxide (DMSO). This light-sensitive 

label was dropwise added to TnC T53C and the labeling reaction occurred for 3-5 hours at 

room temperature in the dark with continuous stirring. The reaction was stopped with 5mM 

DTT and excess label dialyzed exhaustively against the above described labeling buffer + 

1.5mM DTT. The labeling reaction, including pre-label dialysis, was repeated as necessary 

to achieve a final label ratio between 80-90% ([TnC T53CIAANS]/ [TnC T53C]). The thin 

filaments were diluted in working buffer to a final concentration of 0.6 µM. Each thin 

filament was loaded into a syringe on the Kintek Stopped Flow Rapid Mixing 2SD-1X 

alongside a syringe containing working buffer solution + 12 mM EGTA. Upon rapid 

mixing of the calcium-saturated thin filament and EGTA, a change in IAANS fluorescence 

was detected by the PTI Quanta-Master 40 and captured on a trace in the FelixGX software. 

Mixing of the two solutions was first done every 10 seconds for six measurements to ensure 

no free TnC T53CIAANS contamination and then collected every 0.25 seconds. These steps 

were repeated for each thin filament. Data was analyzed by a program coded in MatLab 

(written by Mark McConnell, Ph.D.) and fit with a single exponential decay to obtain the 

dissociation rate.  
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Diltiazem Treatment 
 

Non-transgenic, TnT R92L, and R92W mice were aged to 2 months old within the Bio5 

vivarium facility. at which time baseline diastolic function was collected via 2D 

echocardiography. Diltiazem hydrochloride (U.S. Pharmacopeia) treatment began 

immediately following baseline data collection. The drug was dissolved in drinking water 

at a dosage of 1.8 mg/mouse/day (450mg in 300 mL water) and changed every two days. 

Diastolic function was tracked via echocardiography once per month for 3 consecutive 

months. At the end of the treatment course, hearts were collected from the animals. 

Quantitative Western Blot 

Quantitative western blot analysis of ventricular homogenate was performed as 

previously described [81], with slight modification. In brief, excised hearts were trimmed 

free of atrial tissue and vessels. The tissue was then homogenized and sonicated on ice in 

a buffer containing 10mM imidazole (pH 7.0), 300 mM sucrose, 10 mM sodium azide, 

1mM EDTA, 0.3mM phenylmethylsulfonyl fluoride (PMSF), and 0.5 mM dithiothreitol 

(DTT). Total protein content was determined via the Pierce BCA Protein Assay kit using 

bovine serum albumin as a standard and samples were made to a concentration of 2mg/mL. 

Standard methods of SDS-PAGE were utilized for protein separation. Specifically, 40ug 

of homogenate was prepared for the probing with each of the primary antibodies. Total 

CaMKII-δ and pThr286/287 samples were heated at 95°C for 5-10 minutes before loading. 

Total PLB, pSer16, and pThr17 samples were run under partial denaturing conditions in 

which they were mixed with 5% BME but were not heated. The prepared samples were 

separated on a 4-20% gradient pre-cast gel (BioRad) at 150mV until the dye front was 
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almost run off (was not completely run off due to variability of PLB bands). Homogenate 

was transferred to a 0.2 µm nitrocellulose membrane (ThermoFisher Scientific) at 

290mAmps for one hour at 4°C. The membranes were subsequently dried to increase 

binding of the protein to the membrane. After rehydration, the membranes were blocked in 

5% non-fat milk for 1-2 hours at room temperature and incubated with primary antibody 

diluted in LiCor PBS Blocking buffer over-night [total PLB 1:3000 (ThermoFisher), p-

Thr17 PLB1:1000 (Badrilla), p-Ser16 PLB 1:2000 (Millipore), 1:1000 total CaMKII-δ 

(Abcam), 1:1000 p-Thr 286/287 CaMK-II-δ (Badrilla), 1:5000 Calsequestrin ()]. The blots 

were incubated with fluorescent secondary antibodies (1:15,000, Biotium) and visualized 

with the Odyssey CLx Imaging system (LI-COR). Anti-mouse detection was within the 

680nm channel while anti-rabbit secondary detection was within the 800nm channel. 

Protein levels were quantified using the Image Studio Lite software package (LI-COR). 

CaMKII-δ (total, pThr286/287) levels were detected at ~55kD as per the company 

recommendations. PLB levels (total, pSer16, pThr17) were quantified off the pentameric 

band (25kD). 

SR Calcium Uptake (SERCA2a Activity) 

SR Ca2+ uptake was measured as previously described [91, 92].  Hearts were rapidly 

excised from anesthetized mice and trimmed free of atrial tissue and vessels. Hearts were 

rapidly transferred to a homogenization buffer containing 50 mM KH2PO4, 10 mM NaF, 1 

mM EDTA, 300 mM sucrose, 0.3 mM phenylmethylsulfonyl fluoride (PMSF), and 0.5 

mM dithiothreitol, pH 7.0 and homogenized 4x10 seconds at a half-maximal speed (setting 

2-3) with 10 seconds rest on ice. Next, 360µL of homogenate was mixed with 2040 µL of 

the above homogenization buffer to make a working homogenate sample. The SR uptake 
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buffer contained [pCa 8-5], 5 mM MgATP2+, 0.5 mM free Mg2+, 40 mM imidazole, 10 

mM creatine phosphate, 0.5 mM EGTA, 5 mM potassium oxalate, 5 mM sodium azide, 10 

mM procaine, and 0.03 mM ruthenium red. Sodium azide inhibited calcium uptake by the 

mitochondria while ruthenium red and procaine inhibited calcium release from the SR. 

After an initial 2-minute pre-incubation of the uptake buffer containing 150 Ci/ml 45Ca at 

37C, ventricular homogenate was added and incubated with continuous stirring. After 2 

minutes, the reaction was stopped by filtration through a 0.45m Millipore filter and 

washed with cold buffer containing 20 mM Tris and 2 mM EGTA, pH 7.0. The total 

vesicular calcium uptake was calculated by determining the amount of 45Ca bound to the 

Millipore filters via liquid scintillation counters. The assay was repeated in triplicate for 

each of the calcium concentrations that were measured (Table 4). The following equation 

was used to determine the SR Ca2+ uptake rate: Ca2+ Uptake = nmol Ca x (CPM/ (SA x 

5)*(1/mg protein in 300 µl) x 0.5. Total protein content was determined via the Pierce BCA 

Protein Assay (Thermo Scientific). 

Table 4: Calcium Uptake pCa values. 
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2D Echocardiography 
 

Echocardiography was performed using  a Vevo 2100 High Resolution Imaging System 

(Visual-Sonics, Toronto, Canada) with an MS550D scan head designed for murine 

cardiac imaging. Following anesthetic induction in 3% isoflurane, mice were placed in a 

supine position on a heated platform for echocardiography. Body temperature was 

maintained at 37°C and anesthesia was maintained with 1.5% isoflurane (USP, Phoenix) 

in 100% oxygen. Imaging was performed at a depth setting of 1 cm. Images were 

collected and stored as digital cine loops for off-line calculations. Standard imaging 

planes, M-mode, Doppler, and functional calculations were obtained according to 

American Society of Echocardiography guidelines. A short axis M-mode cine loop was 

recorded at the level of the papillary muscles to assess chamber dimensions (LV systolic 

and diastolic dimensions) posterior wall thickness (PWT), and cardiac function via 

fractional shortening (%FS). Doppler imaging was obtained from an apical 4-chamber 

view to assess LV filling and tissue velocity of the septal mitral annulus. 

Statistical Significance 

All values are reported as mean  S.E.M. and were calculated in GraphPad Prism7 

(San Diego, CA).  A p-value of less than 0.05 was accepted as statistically significant. One 

way ANOVA with Newman Keuls post hoc analysis was used to determine statistical 

significance as compared to NT animals within age groups, with a Dunnett’s multiple 

comparisons test. A two-way ANOVA was utilized to compare across age and treatment 

within genotype, with a Dunnett’s correction for multiple comparisons.  A two-way 

ANOVA was utilized to compare between genotype and treatment within age groups with 
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a Tukey’s correction for multiple comparisons. Interactions of age, genotype, treatment, 

age x genotype, age x treatment, age x genotype x treatment were reported via three-way 

ANOVA. 
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Chapter 3: Results 

Aim 1: Calcium Dissociation Kinetics of HCM-Associated Thin Filaments 
 

In vitro Stopped-Flow Kinetics and Steered Molecular Dynamics 

To determine dynamic myofilament calcium handling, in vitro calcium dissociation 

rates were measured for WT and mutant reconstituted cardiac thin filaments using stopped-

flow kinetics. Human cardiac troponin C was mutated at site T53C, bacterially expressed 

and purified, then labeled with a thiol-reactive, environmentally sensitive fluorescent 

probe, IAANS, at site T53C (hcTnT T53CIAANS). This probe on TnC allows for monitoring 

of conformational changes within the site II calcium binding pocket of TnC in the presence 

and absence of calcium. R92L and R92W mutations were introduced into human cardiac 

TnT (hcTnT) and were bacterially expressed and purified. Bacterially expressed ala-ser 

tropomyosin and hcTnI WT were purified and skeletal muscle actin was harvested from 

rabbit muscle and further purified.  The full thin filament was reconstituted (0.8 Tn 

complexIAANS : 1 Tm : 7.5 filamentous actin) and dialyzed against working buffer 

containing 10 mM Mops, 0.15 M KCl, 1 mM DTT, 3 mM MgCl2, 200 µM CaCl2, pH 7.0. 

Using the Kintek SF-PowerMixer, the calcium-bound thin filaments were rapidly mixed 

with a buffer containing excess EGTA, a calcium chelator, and the resulting change in 

fluorescence was detected. The data were fit with a single-exponential decay in MatLab 

(Mark McConnell, Ph.D.) and a dissociation rate (koff) was calculated. The data for wild-

type, R92L, and R92W thin filaments are shown in Figure 6. In agreement with literature 

values [89], wild-type thin filaments resulted in a calcium dissociation rate of 116 ± 3.2/sec. 
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Thin filaments containing the hcTnT R92L mutation resulted in a decrease in the calcium 

dissociation rate (84.8 ± 1.8/sec) suggesting that calcium release is more inhibited as 

compared to wild-type thin filaments. Thin filaments containing the hcTnT R92W 

mutation resulted in an increase in the calcium dissociation rate (166.1 ± 2.3/sec) compared 

to both wild-type and R92L.  This increase in dissociation rate suggests that there is a 

decrease in inhibition of calcium release at the level of thin filament.  

Through a collaboration with the Schwartz group (UA), these in vitro data were 

correlated to in silico molecular dynamic simulations, specifically Steered Molecular 

Dynamics (SMD) performed, analyzed, and interpreted by Michael Williams, Ph.D. SMD 

simulates removal of the calcium ion from the thin filament by applying a specific force 

and measuring the amount of work that is required to remove calcium, similar to a ball 

(calcium) and spring (force) mechanism. These simulations revealed a “two-peak” profile, 

where peak one is representative of the amount of work required to remove calcium out of 

the coordinating oxygens of the calcium binding site and peak two is representative of 

removing calcium beyond the N-terminus of cTnI (Figure 6). There was no change in the 

amount of work required to remove calcium from the binding site for any of the mutations, 

suggesting that the difference in dissociation rates measured in vitro is not governed by a 

change within the pocket itself. Peak two, however, indicated a difference in the amount 

of work required to remove calcium beyond the negatively charged glutamic acid within 

cTnI at site 32 (E32) in each of the thin filaments. The thin filament containing cTnT R92L 

led to an increase in work of calcium removal compared to WT, suggesting an increased 

interference conferred by E32. This change in 
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Figure 6: Effects of cTnI E32A on Thin Filament Calcium Kinetics and 
Structure. 

Figure and legend adapted from Williams et al. [2]. A) In vitro Ca2+ dissociation kinetics for 
reconstituted CTFs. The decrease in IAANS fluorescence was measured upon removal of 
Ca2+ from the thin filament via EGTA. Dissociation rates were calculated by fitting the decay 
curves with a single exponential decay. Decay curves were an average of three to five individual 
traces collected at least five times each. B) Steered Molecular Dynamics calculated work. The 
calculated forward work at each step of the Ca2+ pulling is shown. The first peak is 
representative of the Ca2+work to break free from the coordinating oxygens of the binding 
pocket, whereas the second peak is where the cTnI E32 oxygens interact with the Ca2+. 
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interference is the result of an allosteric structural alteration from the mutation such that 

the N-terminus of cTnI is repositioned over top the calcium binding pocket of cTnC, 

providing atomic level resolution of the changes in dissociation rate measured in vitro. The 

R92W thin filaments led to a decrease in work for the removal of calcium beyond E32 due 

to the structural rearrangement of the cTnI N-terminus tucked underneath the calcium 

binding pocket, resulting in a lack of interference and thus an increase in dissociation rate. 

Interestingly, the addition of rabbit skeletal S1 heads ablated the mutation-specific 

alterations in dissociation rate (Figure 7). This is proposed to be the result of the “effective 

cTnI concentration” whereby a competition between actin and cTnC for cTnI is shifted 

toward cTnC in the presence of S1, stabilizing the calcium:cTnC interactions [5]. 

Effects of cTnI E32A on Calcium Dissociation Kinetics 

To determine whether the E32 was specifically responsible for the changes in 

dissociation rate and interference on the leaving calcium ion, a mutated cTnI E32A was 

created to remove the negative charge (Figure 8). Stopped flow kinetics were performed 

on the above mentioned reconstituted thin filaments containing cTnI E32A. The calcium 

dissociation rate was significantly increased in all of the thin filaments containing this 

mutated cTnI (Figure 8), indicating a removal of the interference caused by the negative 

charge. Of note, cTnT R92L filaments still had a decreased dissociation rate and cTnT 

R92W filaments still had a slightly increased dissociation rate as compared to WT 

filaments. SMD was performed on thin filaments containing cTnI E32A and the various 

forms of cTnT as well. There was no change in the work required to remove calcium from 

the binding pocket in these thin filaments as seen with WT cTnI (Figure 8). The 
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Figure 7: Effects of Myosin S1 on Thin Filament Calcium Kinetics. 

In vitro Ca2+ dissociation kinetics for reconstituted CTFs. Myosin S1 was added in a ratio of 1 
TF : 3 S1. Mutation-specific effects on calcium dissociation rates were ablated in the presence 
of S1. This is likely due to the “effective cTnI concentration” theory proposed by Siddqui et al. 
whereby S1 alters the cTnI equilibrium between cTnC and actin [5]. 
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Figure 8: Effects of cTnI E32A on Thin Filament Calcium Kinetics and 
Structure. 

Figure and legend adapted from Williams et al. [2]. A) Dissociation kinetic measurements for 
WT, R92L, and R92W cTnT with the further replacement of E32A. B-D) Steered Molecular 
Dynamic Simulations of calcium removal from the full thin filament containing WT, R92L, and 
R92W cTnT. This mutation tests the hypothesis that E32 interaction with Ca2+ dominates the 
contribution to work in the 25-Å region of the SMD plots. SMD performed and analyzed by 
Michael Williams, Ph.D. 
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second peak, representative of cTnI E32A, was significantly reduced in all of the thin 

filaments as compared to cTnI WT, indicating reduced interference in the presence of the 

mutated cTnI. Together, these data indicate that cTnI E32 plays a large role in governing 

calcium dissociation in cardiac thin filament, highlighting the complexity of system 

whereby a mutation in one protein disrupts the positioning of a second, causing functional 

alteration of a third. Of note, the maintained trend of mutation-specific alterations in rate, 

regardless of the cTnI mutation, indicates that this is not the only mechanism that governs 

calcium dissociation from the cardiac thin filament.  
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Aim 2: Diltiazem Hydrochloride Effects on Diastolic Function and Cardiac 
Remodeling 
 

Diltiazem Hydrochloride, an L-type calcium channel blocker, is a commonly 

utilized therapeutic intervention in the clinical management of HCM [39, 40]. Numerous 

studies have shown improved diastolic function and blunted cardiac remodeling in pre-

hypertrophic patients and animals. Thus, we sought to target the calcium handling pathway 

within the TnT R92L and R92W transgenic animals via this therapy to blunt disease 

progression. Given the dysregulation of down-stream calcium handling seen only in the 

R92W animals [81], we hypothesized a mutation-specific improvement in diastolic 

function and cardiac remodeling with diltiazem treatment. The R92L and R92W mice were 

aged to two months old to ensure that the calcium handling machinery within the mice was 

completely mature [93] and were dosed at 1.8 mg/day through their drinking water for 

three months total (5 months of age). This dosage was chosen as it has been used in other 

trials in mouse models of HCM and is within the initial dose in the human trials and titrated 

accordingly [37, 39]. 

Cardiac Function via Echocardiography 

2D echocardiography was performed to monitor function in the animals. Diastolic 

function was reported via E/E’ which measures the blood flow velocity across the mitral 

valve (E) and the mitral annulus tissue velocity (E’) and is a more accurate measure of 

diastolic function, particularly when systolic function is preserved [94-96]. This measure 

also allows for a non-invasive measure of ventricular filling pressures in these animals. 

After collecting baseline E/E’ values, the mice immediately began treatment with 
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diltiazem. Literature suggests that C57/BL6 mice drink between 7-10 mL of water a day 

[97] so the initial study was designed and the mice dosed accordingly. However, 

throughout the study, it was apparent that the mice were not drinking the appropriate 

amount of water and therefore were not being dosed at the correct amount. Functional 

analysis via echocardiography (performed and analyzed by Melissa Lynn, Ph.D.) showed 

no change in any group with diltiazem treatment over the course of 5 months (data not 

shown). The study was then repeated dosing the mice again at 1.8 mg/day of diltiazem in 

3 mL of consumed water per day. Baseline and final echocardiography were performed 

and analyzed by the UA Phenotyping Core (Joshua Strom, Ph.D.).  

 Heart rate was controlled for in the anesthetized animals between 450-550bpm and 

was shown to be unchanged in any of the genotypes at baseline and after diltiazem 

treatment (Table 5). Baseline diastolic function (E/E’) was increased, although not 

significantly, in both R92L and R92W animals as compared to NT animals (Figure 9, Table 

5). After a three-month regime of diltiazem-HCl, there was no effect of treatment on 

diastolic function in NT animals or R92L animals as compared to their untreated controls. 

Alternatively, R92W animals exhibited a significant improvement in diastolic function 

with diltiazem treatment as compared to untreated animals. Systolic function was also 

measured in the animals via 2D echocardiography both pre- and post-treatment. Both R92L 

and R92W animals exhibit increased ejection fraction (%EF) and fractional shortening 

(%FS) as compared to NT animals (Table 5), indicating hyper-systolic function in these 

animals. This increased systolic function was unaffected by diltiazem-HCl treatment in any 

genotype.  
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Table 5: Systolic Function and Ventricular Remodeling with Diltiazem 
Hydrochloride Treatment. 

WTd = Wall Thickness (Diastole), LVIDd = Left Ventricular Internal Dimeter (diastole)%FS= 
Fractional Shortening, EF = Ejection Fraction. *P< 0.05 vs. NT. 
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Cardiac Remodeling 

The functional measures of diastolic dysfunction were compared to morphological 

evidence of improved ventricular filling pressures reported as atrial mass measured in 

semi-wet tissue (Figure 9). Diltiazem treatment had no effects on atrial mass (%AW/HW) 

in NT animals as compared to untreated animals R92L animals exhibited a significantly 

increased atrial mass in both treated and untreated groups and a similar finding was also 

true for R92W animals, uncoupling the improved diastolic function in these animals with 

improved remodeling. Ventricular remodeling was also measured in these animals via 

echocardiography (Table 5). Left ventricular internal diameter during diastole (LVIDd, 

mm) was unchanged in NT animals as compared to their untreated controls. Both R92L 

animals and R92W animals exhibit an early, significant decrease in LVIDd that is 

unchanged in both treated and untreated groups. Wall thickness during diastole (WTd; mm) 

was unaffected in NT animals with diltiazem treatment as compared to untreated animals. 

R92L animals exhibit a slight increase in WTd at 2 months that is increased over time, 

regardless of diltiazem treatment. R92W animals exhibit a mild hypertrophy at 2 months 

but minimal further increase in WTd, regardless of diltiazem treatment. Together, these 

data suggest that diltiazem treatment improves diastolic function only in the R92W animals 

with no concomitant improvement in passive remodeling (atrial mass) or active remodeling 

(LVIDd and WTd). This disparity between a functional and morphological correlation 

likely suggests that diltiazem hydrochloride does not target the mechanism of disease in 

the R92W mutation, but rather is just treating the symptom of diastolic dysfunction. 

Recently, Flenner et al. reported a similar finding in MyBP-c knock-in mice expressing an 

HCM-associated mutation where diltiazem treatment had no effect on   
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Figure 9: Diastolic function and atrial remodeling with Diltiazem-
Hydrochloride treatment. 

A) Diastolic function in animals treated with diltiazem-HCl (Grey bars: Untreated animals. Red 
bars: Treated animals).  B) Atrial morphology in animals treated with diltiazem-HCl (Grey bars: 
Untreated animals. Red bars: Treated animals).  *P<0.05 vs. NT, † P< 0.05 vs. No Treatment.  
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cardiac remodeling [38], suggesting that diltiazem treatment is not sufficient to reverse 

cardiac remodeling. Of note, Flenner et al. also reported a lack of diastolic functional 

improvement with diltiazem treatment as measured by isovolumic relaxation time, a 

finding that is contrast to our study. While no statistical significance was reported for a 

decrease in the E/A ratio in the diltiazem treated animals, it is possible that the parameters 

measured to determine diastolic dysfunction in these two studies accounts for the 

differential findings on functional improvement. In fact, the 2016 Recommendations for 

the Evaluation of Left Ventricular Diastolic Function by Echocardiography suggest that a 

patient may be diagnosed with diastolic dysfunction upon meeting over half of the cutoff 

values for each of the measured parameters [96]. Given that both E/E’ and IVRT are each 

one of the 5 recommended variables, investigation into the other four variables in each of 

these sets of animals may account for this discrepancy. 
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Aim 3: Auto-activated CaMK-II Inhibition Effects on Diastolic Function and 
Cardiac Remodeling 
  

CaMK-II has been implicated in heart failure and arrhythmogenesis for a number 

of years [55, 98]. The kinase is activated by increased calcium levels and subsequent 

binding of activated calmodulin to the kinase itself, leading to cooperative activation of the 

dodecameric structure [43]. While the levels of calcium necessary to activate the kinase 

are unknown, Donald Bers (UC-Davis) suggests that a 10-20-fold increase in local calcium 

is necessary to lead to activation of the kinase (data unpublished) [99]. Furthermore, the 

kinase is in equilibrium between three states of activation: the inactivated state, the 

activated state, and the auto-activated state. This auto-activated state occurs when single 

subunit phosphorylates a neighboring subunit within its catalytic domain, thereby 

rendering the kinase activated in the absence of CaM, in a phenomenon known as “auto-

activation” [100] (Figure 4). It is postulated that this auto-activated state of the kinase can 

travel throughout the entire myocyte, leading to aberrant phosphorylation of targets outside 

of the local microdomain of activation, resulting in numerous “off-target” effects.  For 

example, a local activation of the kinase near the t-tubule and associated calcium handling 

machinery leads to activation and auto-activation of the kinase which can then diffuse away 

from the membrane localized population, traveling as far as the nucleus while maintaining 

the capabilities to phosphorylate its targets along the path. Thus, it is these off-target effects 

of the kinase which are postulated to play a role in heart failure.  

Extensive characterization of the down-stream calcium handling pathways in the 

R92-mutated mice has previously been reported [81]. Guinto et al. described a prominent, 

early down-stream dysregulation in the R92W animals that was improved over time. At 
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two months of age, the R92W animals exhibited increased resting calcium levels, impaired 

relaxation kinetics, and decreased SR load and SERCA2a activity. By 6 months of age, 

these animals significantly decreased their resting calcium levels, exhibited partially 

recovered relaxation kinetics, and had normalized their SR load and SERCA2a activity to 

NT levels. This improvement was likely mediated in large part by a significant increase 

over time in phosphorylation of phospholamban (PLB) at CaMKII-mediated Thr17 (~ 80% 

increase) and PKA mediated Ser16 (~10% increase). Of note, these disruptions in calcium 

handling and increased activity were not seen in the R92L animals at either time point. 

Thus, we sought to investigate this differential CaMK-II activity to determine whether 

CaMKII played a mutation specific role in HCM-progression within these animals.  

Expression Level Analysis of Autonomous CaMKII-δ Activity Over Time 

Western blot analysis of phosphorylated CaMKII-δ (Thr 286/287) as a percentage 

of total CaMKII-δ described no changes in auto-phosphorylation of CaMKII-δ in the R92L 

animals but a slight reduction in auto-phosphorylation in the R92W animals at 2 months 

of age (Figure 10). Coupled to a slight increase in CaMKII-δ levels in both R92L and 

R92W animals, this resulted in a slight reduction in auto-activation of CaMKII-δ (% 

phosphorylated). By 6 months, the R92W animals exhibited a trending increase in auto- 

phosphorylation of CaMKII-δ (Figure 10), coupled to a slight increase in CaMKII-δ levels, 

resulting in an increase in auto-activation of CaMKII-δ (% phosphorylated). Alternatively, 

R92L animals showed no change in the auto-phosphorylation of CaMKII-δ, but a trending 

decrease in CaMKII-δ levels. These changes in the R92L animals led to  
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Figure 10: Autonomous Activation of CaMKII-δ Over Time. 

A, Representative LiCor blots of CaMKII auto-activation and levels at 2 and 6 months of age. 
C, Quantification of auto-phosphorylation levels of CaMKII-δ at 2 months. C, , Quantification 
of auto-phosphorylation levels of CaMKII-δ at 6. D, , Quantification of total CaMKII-δ levels 
at 2 months. E, , Quantification of total CaMKII-δ levels at 6 months. G, Ratio of auto-
phosphorylated CaMKII-δ to total CaMKII-δ at 2 months. H, Ratio of auto-phosphorylated 
CaMKII-δ to total CaMKII-δ at 6 months. 
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 an increased ratio of auto-activation of CaMKII-δ by 6 months of age. Of note, two-way 

ANOVA analysis of the data reported a significant interaction in both total CaMKII-δ and 

phosphorylated CaMKII-δ based on genotype, suggesting a mutation-specific effect on the 

phosphorylation and expression of CaMKII-δ. 

We next sought to evaluate the role of the mutation-specific increase in auto-

activation of CaMKII seen in these animals. We utilized an animal model that expresses 

cardiac-specific, genetic inhibition of auto-activated CaMKII  via a small inhibitory 

peptide (AC3-I, generous gift from Mark Anderson, MD, Ph.D.- Johns Hopkins 

University) that has been shown to inhibit ~40% of auto-activated CaMKII activity [69]. 

We crossed these animals to the R92L and R92W transgenic animals to obtain the desired 

genotypes: NT, AC3-I, R92L, R92L+AC3-I (IRL), R92W, and R92W+AC3-I (IRW).  

SR calcium Uptake Rate 

SERCA2a activity was measured in cardiac homogenate from animals at both two 

and 6 months of age. This assay utilizes conjugates that are formed between radioactive 

Ca45 and potassium oxalate to measure the rate of calcium uptake into isolated SR vesicles 

as a surrogate of SERCA2a activity [91]. Lauren Tal-Grinspan, MD, Ph.D. (Albert Einstein 

College of Medicine) performed, analyzed, and interpreted the SERCA2a activity 

measurements on the R92W and IRW animals at both 2 and 6 months of age. To compare 

the effects of the AC3I peptide on both the HCM genotypes, that data is presented and 

discussed in depth in this thesis. 

At two months of age, R92L animals showed no change in the maximum uptake 

rate as compared to NT animals while R92W animals exhibited a significant decrease in 
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calcium uptake rate (Figure 11), as previously published [81]. AC3I, IRL, and IRW animals 

exhibited a significant decrease in the maximum uptake rate as compared to their 

uninhibited counterparts. At 6 six months of age, the R92L animals maintained normal 

SERCA2a activity and R92W animals had increased their uptake rate to that of NT animals 

as well (Figure 11). This increase in uptake rate was also seen in the IRW animals, 

indicating a maintained functional improvement in myocellular calcium handling in the 

R92W animals even with partial inhibition of auto-activated CAMKII. Of note, AC3I and 

IRL animals still exhibited a significant decrease in maximum calcium uptake rates. The 

calcium sensitivity of SERCA2a activity (pCa50) was found to be unchanged in any 

genotypes at both two and six months (Figure 11). These data suggest a physiological role 

of auto-activated CaMKII under baseline conditions that aids in modulating the gating of 

the SERCA2a pump and thus the maximum uptake rate rather than the calcium affinity of 

PLB.  

To couple these functional measurements of SERCA activity to its regulation by 

phospholamban (PLB), we investigated the phosphorylation status of PLB in these animals 

via Western blot analysis. As previously reported, R92L mice showed no change in the 

phosphorylation of Thr-17 via CaMKII while R92W animals exhibited a nearly an 80% 

increase in phosphorylation of this residue from 2 to 6 months (% total PLB) (Figure 12) 

[81]. With inhibition of auto-activated CaMKII, all genotypes exhibited a significant. 

 Cardiac Function via Echocardiography 

Diastolic function (E/E’) was monitored at both two- and six- months. At two 
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Figure 11: SR Ca2+ATPase (SERCA) Uptake Activity Over Time. 

A, SERCA2a activity at 2 months of age (Grey Lines: No CaMKII Inhibition. Blue Lines: 
CaMKII Inhibition). B, SERCA2a activity at 6 months of age. C, Quantification of maximum 
SERCA2a activity (Vmax) at 2 months (Grey Bars No CaMKII Inhibition. Blue Bars: CaMKII 
Inhibition).  D, Quantification of maximum SERCA2a activity (Vmax) at 6 months. E, 
Quantification of SERCA2a calcium sensitivity (pCa50) at 2 months. F, Quantification of 
SERCA2a calcium sensitivity (pCa50) at 6 months. *P<0.05 vs. NT, † P< 0.05 vs. No CaMKII 
Inhibition. 
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Figure 12: Phosphorylation Levels of Phospholamban (PLB). 

A, Representative LiCor Western Blots of phosphorylation of PLB at 2 AND 6 months. B, Ratio 
of CaMKII phosphorylation of PLB to total levels of PLB at 2 months of age. C, Ratio of 
CaMKII phosphorylation of PLB to total levels of PLB at 6 months of age. D, Ratio of PKA 
phosphorylation of PLB to total levels of PLB at 2 months of age. E, Ratio of PKA 
phosphorylation of PLB to total levels of PLB at 6 months of age. Grey Bars No CaMKII 
Inhibition. Blue Bars: CaMKII Inhibition. *P<0.05 vs. NT, † P< 0.05 vs. No CaMKII Inhibition, 
‡P< 0.05 vs. Age. 
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months both R92L and R92W animals had significant diastolic dysfunction as compared 

to NT animals (Figure 13). AC3I animals had normal diastolic function as compared to the 

NT animals whereas IRL and IRW animals both exhibited the same degree of dysfunction 

as their uninhibited counterparts, suggesting no effect of CaMKII activation on disease 

progression within the first two months. At six months, both the R92L and R92W animals 

continued to exhibit diastolic dysfunction as compared to NT animals (Figure 13). This 

dysfunction was maintained in the IRL animals whereas the IRW animals had a decreased 

diastolic dysfunction as compared to the two-month time point. This functional 

improvement over time with partial inhibition of CaMKII suggests a detrimental role of 

excess auto-activation of the kinase in the R92W animals only. 

Systolic function was also measured in these animals at two- and six-months of age. 

Ejection fraction (%EF) was significantly increased in both R92L and R92W animals at 

two months (Table 6), coupling with the impaired diastolic function measured in these 

animals. CaMKII inhibition led to significantly increased %EF in AC3I, IRL, and IRW 

animals likely due to impaired relaxation and incomplete filling due to the decreased 

SERCA2a calcium uptake. Fractional shortening was also significantly increased in all the 

genotypes at two months (Table 6), suggestive of hypercontractile function in these animals 

due to either cardiac remodeling (R92L) or impaired calcium handling (R92W, AC3I, IRL, 

IRW). By six months, %EF was returned to NT levels only in the IRW animals, likely due 

to the recovered myocellular calcium handling in these animals coupled to the removal of 

aberrant CaMKII auto-activation. Of note, IRL animals had a further increase in %EF as 

compared to R92L animals, likely due to decreased SERCA2a activity caused by partial 

CaMKII inhibition. %FS was also 
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Figure 13: Diastolic function and atrial remodeling with partial inhibition of 
autonomous CaMKII activity 

A, Diastolic function in animals at 2 months of age. (Grey Bars No CaMKII Inhibition. Blue 
Bars: CaMKII Inhibition).  B, Diastolic function in animals at 6 months of age. (Grey Bars No 
CaMKII Inhibition. Blue Bars: CaMKII Inhibition).  C, Atrial mass in animals at 2 months of 
age. (Grey Bars No CaMKII Inhibition. Blue Bars: CaMKII Inhibition).  D, Atrial mass in 
animals at 6 months of age. (Grey Bars No CaMKII Inhibition. Blue Bars: CaMKII Inhibition).  
*P<0.05 vs. NT, † P< 0.05 vs. No CaMKII Inhibition, ‡P< 0.05 vs. Age. 

2 Months 6 Months 
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Table 6: Systolic Function and Ventricular Remodeling with partial inhibition 
of CaMKII activity. 

A, Function and Morphology at 2 months of age. B, Function and Morphology at 6 months of 
age. WTd = Wall Thickness (Diastole), LVIDd = Left Ventricular Internal Dimeter 
(diastole)%FS= Fractional Shortening, EF = Ejection Fraction. *P< 0.05 vs. NT. 
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significantly increased in AC3I, IRL, and R92W animals at six-months but recovered in 

both R92L and IRW animals. This genotype-dependent, partial CaMKII inhibition 

modulation, whereby IRW animals improved function but IRL animals worsened function, 

is indicative of the mutation-specific role of auto-activated CaMKII in disease progression 

in these animals.  

Cardiac Remodeling 

 The effects of inhibition of auto-activated CaMKII on cardiac remodeling were also 

investigated. Atrial mass was reported as a measure of morphological evidence of passive 

remodeling due to increased ventricular filling pressures. At two months of age, AC3I 

animals maintained a normal atrial mass at 2 months as compared to NT animals (Figure 

13). Both R92L and R92W animals exhibited an early significantly increased atrial mass 

that was maintained in the IRL and IRW animals, complementing the diastolic dysfunction 

measured in these animals (discussed above). At six months of age, both the R92L and 

R92W animals sustained an increased atrial mass, coupling to the diastolic dysfunction 

measured in these animals (Figure 13). IRL animals also maintained a significant increase 

in atrial mass, suggesting a lack of CaMKII auto-activation in R92L disease progression. 

In contrast, IRW animals significantly blunted their increased atrial mass as compared to 

R92W animals, indicating decreased ventricular filling pressures that couples well with the 

improved diastolic dysfunction.  

Ventricular remodeling was also examined in these animals as measured via 

echocardiography. Chamber dimensions at the end of diastole (LVIDd) were measured at 

both two and six months (Table 6). At two months, R92L and R92W animals have 

significantly decreased chamber dimensions, likely aiding in the increased filling pressures 
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indirectly measured in these animals. CaMKII inhibition caused a significant decrease in 

chamber dimensions in the AC3I and IRW animals and a further decrease in chamber 

dimensions in the IRL animals as compared to R92L animals. This was likely caused by 

the decreased SERCA2a uptake activity in these animals which would lead to increased 

resting calcium levels and an activated ventricle at rest. IRW animals were not furthered 

decreased as compared to R92W animals, likely due to the already increased resting 

calcium levels previously measured in these young animals [81].  

By six months of age, R92L and R92W animals still exhibited a significant decrease 

in chamber dimensions (Table 6). While both genotypes exhibit decreased chamber 

dimensions, it likely results from differential ventricular remodeling seen in these animals, 

specifically the increased wall thickness in the R92L animals and the decreased heart size 

measured in the R92W animals [77]. AC3I and IRW also maintained a significant decrease 

in chamber dimensions with IRL animals still exhibiting a significant decrease in chamber 

dimensions at six months. This effect on chamber dimensions in the AC3I animals was 

likely the result of the maintained decreased SERCA2a activity measured in these animals, 

whereas the IRW animals have normal SERCA2a activity but a decreased heart size, 

similarly to the R92W animals. The further decreased chamber dimensions in the IRL 

animals was likely a combination of the decreased SERCA2a activity measured in these 

animals coupled to the increased wall thickness measured in these animals (Table 6). 
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Chapter 4: Discussion 

Longitudinal studies in patients expressing HCM mutations describe distinct 

pathogenesis, highlighted in cases of similar point-mutations shown to have varying 

degrees of presentation and severity [101]. These studies underscore the need to understand 

the mechanisms of progression, particularly in the early stages, to properly target the 

natural history of disease. This requires breaking down the progression pathway into 

distinct phases whereby we can begin to define or “bin” the mutations based on the 

molecular pathways initiated by the primary insult. The Tardiff Laboratory has designed a 

model for this binning process into three phases as follows: “triggers”, “compensatory”, 

and “pathologic”. The trigger can be described as the primary biophysical insult to the 

myofilament that trigger, or initiate, disease progression. This is followed by the secondary 

compensatory pathways in which the myocyte initiates a number of recovery strategies to 

compensate for the insults initiated by trigger. However, because the primary insult 

(mutation) is always present in the above scenario, the compensatory pathways become 

limited with time, leading to eventual burn out. This leads to progression into the 

pathologic phase whereby severe decompensation and remodeling lead to symptomatic 

presentation of disease. This model highlights the timeline of progression, identifying the 

underlying issues as to why current therapeutic interventions are limited symptom 

palliation in end-stage pathology. Thus, by defining the pathways to progression for these 

various mutations, we hope to design and implement improved therapeutics that target 

within the early stages of progression here meaningful intervention can occur (Figure 14).  



76 
 

  

Figure 14: Proposed Pathway to Progression for Myofilament Mutations. 

Alterations in calcium kinetics are proposed to be a trigger to disease progression. The down-
stream alterations in calcium handling are likely a part of the compensatory mechanisms 
initiated within the myocyte to recover from the trigger. However, with time, this calcium 
dysregulation can be a critical avenue for disease progression, after which the heart enters the 
pathologic phase. Upon progressive cardiac remodeling, the patient presents with symptomatic, 
clinical HCM. Proposed early therapeutic intervention, targeted at the trigger phase or early 
compensatory phase may ameliorate disease progression in patients.  
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This thesis focuses on advancing our understanding of the proposed calcium 

homeostasis bin and the subsequent calcium-dependent progression to disease. Two similar 

HCM mutations, cTnT R92L and R92W, within distinct disease pathogenesis and calcium 

dysregulation were used as tools to further this understanding. Herein, we propose an early 

nodal point for disease progression and a potential therapeutic target for early intervention 

of HCM. Additionally, we highlight the heterogeneity of disease progression in similar 

mutations and the necessity to define and understand the progression of each mutation to 

develop the most effective therapeutic interventions.   

Numerous studies have described common alterations in myocellular calcium 

handling in HCM including prolonged calcium transients, increased resting calcium levels, 

and reduced SR calcium content [102]. However, to link these downstream changes to 

primary insults at the myofilament, it is imperative to define alterations in the myofilament-

calcium axis. HCM-associated mutations are typically described by increased calcium 

levels and reduced, prolonged calcium transients, despite progressive diastolic dysfunction 

with normal, and in some cases, increased systolic function [81, 103-105]. Additionally, 

reports of disease-specific alterations in force generation in which HCM-associated 

mutations are commonly described by an increase in calcium sensitivity at any given force 

[106]. Together, these downstream dysregulations coupled to the myofilament alterations 

suggest an uncoupling of the excitation-contraction pathway in HCM that potentiates 

disease pathogenesis.  
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Aim 1: Differential calcium dissociation kinetics provide mechanistic insight 
into mutation-specific downstream calcium dysregulation 
 

 Myofilament calcium kinetics have long been over-looked due to the rapid rate of 

calcium exchange with TnC as compared to the rate of relaxation [90, 107]. However, 

recent studies have suggested that these rates may link the dynamic, myofilament-driven 

insults that initiate the downstream calcium dysregulation to the differential presentation 

of disease seen in patients  [2, 5, 90, 108-110]. Given the previously described downstream 

alterations in the cTnT R92L and R92W mutations, we sought to define the dynamic 

calcium handling at the level of the myofilament. To do this, we utilized stopped flow 

kinetics on fully reconstituted thin filaments expressing mutations in cTnT. This assay 

utilizes fluorescently labeled cTnC to monitor the calcium status of the thin filament over 

time, upon mixing with EGTA (a calcium chelator). The resulting curves are fit with a 

single exponential decay from which the dissociation rate is calculated.  

Wild-type thin filaments resulted in a calcium dissociation rate of 109/second, in 

agreement with previously reported literature values [90]. The thin filaments containing 

the cTnT R92L mutation resulted in a slight decrease in the calcium dissociation rate 

suggesting a stronger buffering capacity of the thin filament for calcium in the presence of 

this mutation. Alternatively, the thin filaments containing the cTnT R92W mutation 

resulted in an increase in the calcium dissociation rate compared to both wild-type and 

R92L.  This increase in dissociation rate suggests a weaker buffering capacity of the 

myofilament for calcium in the presence of this mutation. We correlated these in vitro 

changes to in silico modeling of removal of calcium from a fully atomistic model of the 

cardiac thin filament via steered molecular dynamic (SMD) simulations as performed by 



79 
 

Dr. Michael Williams, Ph.D. (Schwartz group). This assay measures the amount of work 

that is required to remove calcium from the thin filament a specific distance, offering 

atomic level resolution into the energetic progresses that govern these ensemble 

measurements. SMD reported no mutational effect on the amount of work required to 

remove calcium from the binding pocket itself, suggesting that the mutational effects seen 

in stopped flow kinetics were not governed by changes in the coordinating oxygens within 

the calcium binding pocket.  

As the calcium was pulled a distance beyond the calcium binding pocket, a second 

peak, representative of the work required to move calcium beyond the N-terminal portion 

of cTnI, identified mutation-specific effects. Specifically, a calculated increase in the work 

required to remove calcium was seen in the R92L thin filaments as compared to WT 

filaments. Further investigation revealed this mutation-specific effect to be due to a 

repositioning of the flexible arm of cTnI in relation to the calcium binding pocket. 

Specifically, this interference was in large part due to a negatively charged amino acid, 

E32 which was hypothesized to have an increase in interaction potential with the leaving 

calcium ion in the presence of the R92L mutation. This increased interaction is in part 

governing the measured decreased dissociation rates in R92L thin filaments. Alternatively, 

R92W filaments required no work to remove calcium beyond cTnI, as E32 was positioned 

below the calcium binding pocket in the R92W thin filaments, causing a reduction in the 

interference on the leaving calcium ion. The coupling of the in vitro and in silico data 

provide atomic level resolution to the mutation-specific dysregulation in dissociation rates 

measured in the filaments.  
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Replacement of this negatively charged amino acid in cTnI with an uncharged 

alanine (E32A) led to increased dissociation rates and reduction in the work required to 

remove calcium beyond the N-terminus of cTnI, confirming the role of cTnI E32 in 

regulating calcium release. Of note, the mutation-specific pattern of dissociation rates was 

maintained even with ablation of TnI E32, where R92L filaments exhibited a still slightly 

reduced dissociation rate as compared to WT filaments and R92W filaments were still 

faster than WT filaments. This trend was also maintained in the SMD simulations, 

suggesting that this residue in the N-terminus of cTnI is not the only mechanism by which 

calcium release is governed.  

In an elegant series of studies coupling in silico, in vitro, and in vivo approaches, 

the authors speculated that the changes in calcium kinetics at the level of the thin filament 

and thus calcium homeostasis may also be regulated by an altered affinity of troponin I for 

actin and/or troponin C [3, 5, 108]. Unlike the Schwartz model that predicted a change in 

the interface between cTnI and the calcium binding pocket, the mathematical modeling 

utilized in these studies indicates a potential competition between cTnC and actin for cTnI, 

in what they term the “effective concentration of cTnI” [5]. Specifically, the authors 

speculate an increase in the affinity of the cTnI switch peptide for cTnC upon cTnI 

phosphorylation, thereby stabilizing the open conformation of cTnC, leading to a decrease 

in dissociation rate. Alternatively, an increase in dissociation rate is hypothesized to be the 

result of an increased affinity between the cTnI inhibitory domain and actin, thereby 

destabilizing the open conformation of cTnI and a reduced affinity for calcium [108]. 

While these studies examine the effects of post-translational modifications to the thin 



81 
 

filaments, one can imagine that mutations that propagate their effects to the Tn core may 

alter this cTnI equilibrium, resulting in changes in myofilament calcium affinity.  

Moreover, the effective cTnI concentration is postulated to play a role in the 

difficulties in measuring rate of relaxation in vitro. As mentioned previously, the rate of 

relaxation is reported to be approximately 10-fold slower than the rate of calcium exchange 

with cTnC [2, 90, 107]. Due to this dramatic reduction in rate, resolution into the mutational 

effects of myofilament calcium kinetics is lost in the presence of myosin (S1 heads) (Figure 

7). These magnitude changes that suppress the mutation-induced rate changes can likely 

by described by the known conformational alterations that modulate the “effective 

concentration of cTnI” during the cross-bridge cycle [23]. As depicted by the “drag and 

release” model of activation [13], the increased stabilization of the cTnC : cTnI interface 

in the presence of calcium leads to structural rearrangements of the core that are propagated 

throughout the thin filament. This results in a shifting of tropomyosin along the surface of 

actin, thereby blocking the cTnI binding site and allowing for weak interactions between 

actin and myosin. As conformational changes within the myosin motor lead to strong 

binding, Tm is shifted along actin, increasing steric hindrance of the cTnI:actin interface. 

This reduced affinity of cTnI for actin further stabilizes cTnC:cTnI, increasing the affinity 

of cTnC for calcium. Thus, the decreased dissociation rate measured with stopped flow 

kinetics in the presence of myosin (S1 heads) is likely the result of shifting the equilibrium 

of the “effective concentration” of cTnI toward the stabilization of the cTnC: cTnI 

interface. Furthermore, while this system builds upon biological complexity, it does not do 

so in a physiological manner whereby myosin is organized into a filament with the motor 

domains protruding toward the thin filaments. Instead, the S1 heads are in isolation, 
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preventing the polymerization of the rod domains into a structured filament, allowing the 

heads to bind wherever they attach. In conjunction with an unstructured thick filament, it 

is postulated that 2-3 myosin heads bind per thin filament functional unit [23, 25], a 

stoichiometric ratio that can likely only be achieved when in a properly organized 

sarcomere. Thus, these issues in experimental design for measuring myofilament dynamic 

calcium handling cannot be ignored when extrapolating thin filament + S1 dissociation 

rates into disease mechanism as they may be may be masking the effects of the mutations.  

While the above mentioned technical limitations hinder our ability to measure a 

meaningful rate of calcium dissociation in a biologically complex system, we and others 

hypothesize that targeting this mechanism of relaxation will have beneficial therapeutic 

effects. It is implausible to design a small molecule specific to each mutation that effects 

calcium signaling via changes in myofilament calcium kinetics. However, a subset of 

therapies targeted to ameliorating the structural insults caused by these mutations may 

prove to be an efficient intervention as it directly targets the disease mechanism. For 

example, if a mutation is found to disrupt the cTnI equilibrium of activation (cTnI: cTnC) 

vs. inactivation (cTnI: actin), a small molecule that can alter the affinity of these 

interactions such that equilibrium is shifted back to a more “normal” distribution would be 

desirable.  Alternatively, it can be postulated that a small molecule that would improve the 

stability of the WT-like positioning of the cTnI N-terminus may be an advantageous 

intervention to ameliorate the altered affinity of the myofilament for calcium. The reported 

positioning of the cTnI N-terminus as depicted in the in silico modeling of the R92L and 

R92W thin filaments is an average position of the flexible domain. Thus, this therapy 

would require cTnI to maintain the flexibility that is inherent to its regulatory function. 
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Moreover, a single therapy targeted to influencing the positional equilibrium of this flexible 

region may be applicable to both reported structural derangements of cTnI shown to 

differentially alter myofilament calcium handling.  

An alternative intervention, only applicable to cases similar to the R92L mutation, 

may be to target the negative charge at cTnI E32 to mask the interactions between this 

residue and the leaving ion. This would require a highly-specific targeted small molecule, 

capable of identifying a distinct region of cTnI only to ensure minimal off-target effects. 

While this therapy would not ameliorate the structural alterations that initiate the 

downstream dysregulation caused by the mutation, it still targets the early, biophysical 

alterations in disease progression, and thus be an improvement toward mechanistic 

interventions. Additionally, cTnI E32 is postulated to play a role in modulating calcium 

dissociation from the thin filament in other mutations (see Appendix A) and thus, masking 

the interactions between calcium and this residue may prove to be a generalized modality 

for intervention. Alternatively, one can imagine a therapy in which the effects of the 

negative charge of cTnI E32 are enhanced, targeting the mechanistic alterations in 

myofilament calcium handling seen in the R92W filaments. However, a simultaneous 

stabilization of cTnI N-terminus would also be required to restore the necessary steric 

hindrance of the residue and therefore would likely be a more difficult, potentially 

redundant, therapeutic intervention.   Thus, in the cases of reduced cTnI E32 interference 

due to structural reposition, improved cTnI: cTnC interface stability is likely the most 

viable small molecule design. 

These data in combination with previous studies suggest that changes in function 

of this highly integrative system are the result of propagation of structural insults 
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throughout this highly tuned system. It is implausible to design a specific small molecule 

therapy for every mutation that effects myofilament calcium handling. However, as we 

continue to understand the insults that alter this dynamic calcium handling, we can begin 

to bin the mutations based on their structural and functional alterations at the biophysical 

level, regardless of the end-stage disease and pathology. The primary target population of 

these modalities would be the pre-clinical cohort in hopes of intervening in early 

mechanistic progression, thereby blunting disease in these patients before extensive 

remodeling and failure is discovered.  
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Aim 2: Diltiazem-hydrochloride treatment leads to mutation-specific symptom 
palliation.  
 

In this study, we sought to investigate this mutation-specific pathogenesis via early 

intervention in two similar, well-characterized HCM mutations shown to have differential 

calcium homeostasis dysregulation [2, 73, 74, 77, 78, 81]. We targeted this calcium 

dysregulation with diltiazem-HCl, a commonly used LTCC blocker shown to be successful 

in clinical management of HCM [39]. Herein, we report a lack of response to diltiazem 

treatment in the R92L animals as indicated by maintained diastolic dysfunction as 

compared to untreated R92L animals (Figure 9). Alternatively, R92W animals exhibited a 

significant recovery of diastolic function to NT levels over the course of treatment as 

compared to untreated R92W animals. Thus, we describe a mutation-specific improvement 

in diastolic function with diltiazem-HCl treatment.  

In support of these findings, other animal models of HCM have also shown a 

blunted disease progression with diltiazem-HCl [36-39]. Westermann et al. reported a 

blunting of left ventricular stiffness and end-diastolic pressure in isoproterenol-stimulated 

cTnT I79N animals pre-treated with diltiazem [36]. This improvement in diastolic function 

was also coupled to a reduced incidence of mortality, to which the authors speculated was 

the result of inhibition of the increased ICa facilitation caused by β-adrenergic stimulation 

of the LTCCs. Of note, I79N animals treated with diltiazem but not challenged with 

isoproterenol-stimulation showed no improvement in diastolic function. However, those 

animals were dosed at approximately 1 mg/day of diltiazem (25 mg/kg/day), in contrast to 

the 1.8 mg/day treatment dose used in our study. At comparable doses, we hypothesize that 

the I79N animals would exhibit improved baseline stiffness and pressures, indicating 



86 
 

improved diastolic function. Interestingly, our study revealed a maintained enhancement 

of systolic function and no depression of heart rate commonly described with diltiazem 

treatment, a phenomenon also seen the I79N animals [36]. This is likely the result of the 

use of anesthesia throughout echocardiography in both studies.  

In a second study examining the effects of diltiazem treatment on HCM progression 

in animals expressing the myosin mutation R403Q, pre-treatment with diltiazem was 

shown to prevent the cyclosporin-A induced hypertrophic remodeling and calcium 

dysregulation [111]. Furthermore, early administration of diltiazem-HCl was also shown 

to affect the natural progression of disease in the animals via restoring the levels of SR-

associated proteins. The authors determined that the recovery of calcium handling 

machinery was independent of the diltiazem-induced decrease in heart rate. Despite these 

improvements in calcium handling, R403Q animals showed no improvement in relaxation 

parameters with treatment, in contrast to our findings. As calcium homeostasis is a primary 

indicator of diastolic function, this lack of functional recovery coupled to improved 

calcium handling machinery may be the result of a calcium-independent progression to 

diastolic dysfunction. In fact, resting calcium levels are normal in these animals, suggesting 

that the diastolic dysfunction is driven by an alteration in myofilament mechanics, such as 

the energetic deficits seen in the R403Q animals [112]. However, the R403Q animals 

exhibited recovery of systolic function with diltiazem treatment, likely the result of the 

known negative ionotropic effects of diltiazem.  

It is possible that the discrepancies in diastolic and systolic function depicted in 

these studies are the result of the mechanistic progression to disease. In particular, the 

R403Q animals are described to have normal calcium homeostasis and thus are commonly 
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thought to have a calcium-independent progression to diastolic dysfunction. This is 

supported by the R92L mutation which also exhibits minimal dysregulation in down-

stream calcium handling. Thus, targeting LTCC’s was shown to have no effect on function, 

further supporting a calcium-independent progression to disease in these animals. In 

constrast, the R92W animals, characterized by early increased diastolic calcium levels and 

an uncoupling of the ECC, suggests a calcium-dependent mechanism of diastolic 

dysfunction, similar to that proposed for the cTnT I79N animals. This is supported by the 

findings that targeting the calcium pathway by way of LTCC inhibitors recovered diastolic 

function in these animals.  

We also examined cardiac morphology with diltiazem-HCl treatment. Both R92L 

and R92W animals exhibited a maintained increase in atrial mass (Figure 9), indicative of 

increased filling pressures in these animals. This continued atrial remodeling in the R92W 

animals is out of proportion to the diastolic recovery seen in these animals with treatment, 

suggesting symptom palliation rather than mechanistic targeting of disease. As previously 

reported, the R92W animals exhibited minimal ventricular hypertrophy over time [77], that 

was unchanged with diltiazem-HCL treatment (Table 5). A significant reduction in 

chamber dimensions was also measured in these animals, regardless of diltiazem-HCl 

treatment. This was likely the result of a reduction in heart size over time, previously 

reported in these animals. The I79N animals exhibit a similar baseline phenotype to the 

R92W animals, described by minimal hypertrophy and a reduction in heart size [113]. 

Thus, while not reported in the diltiazem study, we would hypothesize minimal effects on 

hypertrophy in these animals with treatment. These animals represent a common phenotype 

seen in TnT mutations, whereby the degree of hypertrophy is out of proportion to the degree 
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of diastolic dysfunction but coupled to a high incidence of sudden cardiac death [114]. 

Thus, we hypothesize a calcium-dependent mechanism of disease progression in these 

animals. However, the use of LTCC blockers in these animals is likely only targeting the 

symptomatic diastolic dysfunction, and thus is an insufficient therapy to target the 

mechanistic progression to blunt disease. 

In comparison, ventricular hypertrophy was unaffected in the R92L animals 

throughout treatment (Table 5), suggesting minimal role of calcium dysregulation in their 

initiation of hypertrophic signaling. Chamber dimensions were significantly reduced in the 

R92L animals with and without diltiazem-HCl treatment (LVIDd; Table 5). This is likely 

the result of an increased in wall thickness in these animals and thus impedance of the 

ventricular septum and free wall into the chamber. Together, these morphological 

disruptions likely aid in the progression of the diastolic dysfunction and enhanced systolic 

function reported in these animals. Given these maintained morphological alterations, we 

conclude that diltiazem-HCl is a viable therapeutic intervention in these animals. Of note, 

the animals in our study exhibit significant cardiac remodeling prior to the onset of 

treatment. A similar finding was reported in a myosin binding protein C knock-in murine 

model of HCM in which diltiazem-HCl elicited a functional improvement with no effect 

on cardiac remodeling [38]. These findings suggest a calcium-dependent diastolic 

dysregulation, similar to the R92W and I79N animals, but minimal role of calcium-induced 

hypertrophy as in the R92L animals. Alternatively, early diltiazem intervention in the 

R403Q animals led to a blunting of left ventricular hypertrophic remodeling, indicating a 

calcium-dependent induction in hypertrophic signaling [37]. Together, these studies 
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suggest a mutation-dependent response to the early use of diltiazem-HCl as a therapeutic 

intervention in HCM.  

This mutation-specific response was also seen in a clinical trial of diltiazem in a 

pre-hypertrophic cohort [39]. As discussed above, patients expressing a MyBPC mutation 

were shown to be responsive to diltiazem treatment, exhibiting a reduction in diastolic 

function and geometric remodeling with early treatment. Alternatively, patients harboring 

a MyH7 gene mutation were found to be unresponsive to diltiazem treatment, progressing 

to increased ventricular thickening and reduced chamber dimensions throughout the study. 

In fact, 20% of the MyH7 carriers were diagnosed with clinical HCM during the study. 

Follow-up of this trial suggested that the emergence of left ventricular hypertrophy was 

correlated to abnormalities in markers of cardiac function at baseline including relaxation 

changes, pro-BNP concentrations, and ECG changes [40]. The conclusions of this clinical 

trial were two-fold: early diltiazem-HCl treatment is shown to have a mutation-specific 

blunting of HCM progression, and understanding the temporal progression of HCM will 

prove to be necessary to properly target the natural history of disease.  

To this end, we hypothesize symptomatic amelioration with the use of diltiazem-

HCl in sarcomere-positive HCM. We speculate this is likely due to the role of LTCCs in 

EC coupling to initiate contraction via sub-maximal increases in intracellular calcium 

upstream of the myofilament. One can imagine that indirect targeting with diltiazem-HCl 

upstream of the initiated pathogenesis may be insufficient to disrupt the resultant 

progression. Alternatively, by targeting downstream of the myofilament, we predict a 

functional improvement coupled to blunted cardiac remodeling indicating a disruption in 

the natural history of disease. 
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Aim 3: Autonomous CaMKII activity as a nodal point for mutation-specific 
HCM progression. 
 

The R92L and R92W animals have been characterized by impaired diastolic 

function and progressive cardiac remodeling, despite temporal improvements in 

myocellular mechanics and calcium homeostasis in the R92W animals [77, 81]. This 

myocellular improvement coupled to functional decline in these animals was postulated to 

be governed by an increase in activity of the calcium-activated, multi-functional kinase 

CaMKII. CaMKII is a known regulator of calcium homeostasis, targeting numerous 

components of cardiac EC coupling pathway [115]. However, aberrant activity of the 

kinase has been implicated in the progression of numerous diseases, including heart failure 

[98]. Complicating the understanding of CaMKII activity in disease are the existence of 

multiple isoforms within the heart, δ and γ, described to play functionally redundant roles 

within the myocyte.  

Numerous cardiac-specific, knock out animal models of CaMKII have been 

generated to determine the role of CaMKII activity at baseline as well as in disease 

progression. In a model in which both cardiac isoforms of CaMKII (δ and γ) were knocked 

out, animals were shown to have no baseline phenotype including normal heart weights, 

systolic function, and myocellular calcium handling [116]. Of note, this lack of a disruption 

in calcium handling was a surprising and unexplainable finding given the reported lack of 

a compensatory response from PKA in phosphorylation of ECC-associated proteins. In a 

diseased state, whereby heart failure was artificially induced via pressure overload (TAC), 

these animals were found to be protected against progression to chamber dilation and 

systolic dysfunction. Interestingly, significant hypertrophic remodeling was still detected 
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in the TAC-knock-out animals, to which the authors concluded was the result of a loss of 

a CaMKII-mediated inhibition on the calcineurin-induced remodeling. Thus, the authors 

suggested that, in contrast to the proposed paradigm whereby aberrant calcineurin activity 

is implicated in disease pathogenesis, CaMKII is responsible for the transition into heart 

failure. In combination with a previous study in which CaMKIIδ was knocked out [70], a 

similar level of protection against pathological remodeling was seen upon induction of 

TAC, further implicating CaMKII as a potential therapeutic target in heart failure. 

However, in contrast to baseline functional effects reported in these knock-out models, it 

is well-accepted that CaMKII activity plays a critical role in modulating ECC within the 

heart [117, 118], and thus complete loss of function is not a viable method of intervention. 

Of note, an increasingly relevant phenomenon in CaMKII-mediated disease 

progression is the emergence of increased auto-activation of CaMKII. To date, three 

mechanisms of auto-activation exist within the heart, including auto-phosphorylation, 

oxidation, and N-glycosylation, all of which render the kinase calcium-independent [55, 

119]. The most-well-studied of these autonomous activation mechanisms is the auto-

phosphorylation of residues Thr286/287 (discussed in detail above). Although the 

physiological role of this autonomous activity is not well-understood, increased 

autonomous activity is thought to be the result of persistent calcium-induced activation of 

the kinase. Specifically, the kinase exists within an equilibrium between inactivated, 

activated, and auto-activated states whereby calcium-calmodulin is required for transition 

to the activated state and subsequent auto-activation. It follows that an increase in the 

activated pool of the kinase would lead to an increase in the auto-activated pool, as 

described by the law of mass action. Thus, given that calcium homeostasis is a dynamic, 
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tightly regulated process in the heart, an increase in autonomous CaMKII is likely the result 

of dysregulation within this system, positioning this “pool" of the kinase as a likely 

candidate for intervention.  

We first sought to measure the levels of auto-activated CaMKII within the cTnT 

R92L and R92W animals to determine the role of this pool of CaMKII in the differential 

disease progression. Western blot analysis was used to measure the expression levels of 

phosphorylated CaMKIIδ (pThr 286/287) and total CaMKIIδ levels at both two- and six-

months of age (Figure 10). At two months of age, the R92L animals showed no change in 

the phosphorylation of CaMKIIδ while the R92W animals exhibited a slight decrease in 

auto-phosphorylation (although not significant). As both animals exhibited a slight 

increase in total CaMKIIδ levels, this led to reduction in the ratio of auto-activated to total 

CaMKIIδ in both animal models, although to a greater extent in the R92W animals. While 

not significant, the R92W animals exhibit a nearly 50% reduction in the ratio of 

autonomous CaMKIIδ activation, providing mechanistic insight into the reduction of 

CaMKII-mediated phosphorylation of Thr17-PLB previously reported in these animals 

[81]. Of note, these animals were found to have a significant increase in resting calcium 

levels at 2 months of age, complicating the interpretation of a decrease in auto-activation 

of CaMKII. However, we postulate this discrepancy could be described the lack of 

organization of the calcium-handling system until nearly 2 months of age in mice, coupled 

to the known localization of CaMKII within the myocyte [93, 118]. CaMKII has been 

shown to localize/dock to regions proximal to the t-tubules (formed around age 6-8 weeks 

in mice) and the sarcomeric z-discs, but not to the myofilament proteins themselves. Thus, 

an increase in resting calcium localized to the myofilament (likely due to the previously 
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described increases in dissociation rate) is indistinguishable in the assay used to measure 

total resting calcium levels in these animals [81]. However, this discrete localization of 

increased calcium coupled to newly organized calcium-handling machinery and thus, 

docking of CaMKII to these areas, may describe the lack of auto-activation of CaMKII in 

these animals.   

At six-months of age, phosphorylation of CaMKIIδ was unchanged in the R92L 

animals but nearly doubled in the R92W animals (p=0.08) (Figure 10). This increase in 

R92W animals implies an increase in activated CaMKIIδ (via the above described 

mechanism of auto-activation) that is likely a pseudo-compensatory mechanism. 

Specifically, we postulate CaMKII is activated to target the ECC proteins and recover 

resting calcium levels, a phenomenon which has been reported in these animals as detected 

by increased phosphorylation of PLB (leading to increased SERCA2a calcium uptake) and 

reduced calcium levels by 6 months. While the increase in auto-activated CaMKII likely 

plays a role in this normalization as well, unlike the activated state, autonomous activity is 

calcium-independent and thus can remain activated, despite the recovery of calcium 

homeostasis. While both animal models exhibit an increase in the ratio of auto-activated to 

total CaMKIIδ, in R92L animals, this is driven by a trending decrease in total CaMKIIδ 

levels. Of note, this reduction in R92L animals in is contrast to reports of increased 

expression of CaMKII in heart failure [55]. However, unlike most models of HCM, these 

animals exhibit reduced intracellular calcium levels over time [81], likely explaining the 

reduced expression of the calcium-activated kinase. Alternatively, R92W animals exhibit 

a continued, albeit slight, increase in CaMKIIδ levels. This is likely the result of the early 

increase in diastolic calcium levels measured in these animals [81], a common finding in 
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HCM models. Thus, these data suggest a mutation-specific increase in autonomous 

CaMKII activity over time, directly implicating the kinase in the calcium-dependent 

progression postulated for R92W mutation (Figure 15).  

To this end, a transgenic mouse model expressing a cardiac-specific peptide 

inhibitor for the auto-activated state of CaMKII was generated to study the role of aberrant 

CaMKII activity in disease progression [69]. These animals were named after the small 

peptide inhibitor, AC3I, and are herein referred to as such. The AC3I animals, found to 

inhibit approximately 40% of autonomous CaMKII activity, were protected against cardiac 

remodeling and systolic dysfunction induced via myocardial infarction. Furthermore, 

unlike the knockout models of CaMKII, calcium homeostasis (as measured via ECC 

protein expression) was maintained. Thus, these findings support the specific role of 

autonomous CaMKII in disease pathogenesis and a potential therapeutic target for disease 

intervention in the heart.  

  To investigate the differential CaMKII activity proposed in the cTnT R92 animals, 

we crossed AC3I animals to the R92L and R92W animals to investigate the role of the 

auto-activated state of CaMKII within our models of HCM. Of note, due to the use of a 

transgenic model system, the double-transgenic animals (HCM mutation + AC3I peptide) 

express partial CaMKII inhibition from birth and thus are used primarily as a comparison 

for a potential dosage of CaMKII inhibition but cannot address disease reversibility.  
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Figure 15: Mutation-Specific Activation of Autonomous CaMKII Activity. 

Increased resting calcium levels, likely the result of increased koff in cTnT R92W leads to an 
increase in activated CaMKII and a subsequent increase in auto-activated CaMKII via the law 
of mass action. This increase in auto-activation of CaMKII in absent in the cTnT R92L animals.  
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To determine the role of autonomous CaMKII on myocellular calcium handling, 

SERCA2a activity assays were performed in cardiac homogenate at 2 and 6 months (Figure 

11), using Ca45 as a marker of SR calcium uptake [92]. As had been previously reported 

[81], R92L animals showed no change in SERCA2a activity at 2 months, indicating normal 

myocellular calcium handling in these animals. Partial inhibition of auto-activated CaMKII 

led to a reduction in SERCA2a activity in both NT and R92L animals, that was primarily 

driven by a reduction in %Thr17-PLB phosphorylation in these animals (Figure 12). PKA-

mediated %Ser16-PLB phosphorylation was not significantly increased in these animals, a 

surprising but similar finding to what was reported in the AC3I animals previously [69]. 

By 6 months of age, SERCA2a activity was still unchanged in the R92L animals and 

reduced in NT and R92L expressing the AC3I peptide. As was seen at 2 months of age, 

%Thr17-PLB phosphorylation was still reduced in these animals that was coupled to an 

increase, albeit not significant, in %Ser16-PLB phosphorylation. This lack of 

compensation by PKA in the face of reduced auto-activation of CaMKII indicates a novel 

physiological role of autonomous CaMKII, specifically in maintaining early calcium 

homeostasis within the myocyte. The effects of the reduced SERCA2a activity on calcium 

levels in these animals is not easily measured as the AC3I transgene is labeled with a GFP 

tag and thus complicates the fluorescence-dependent assay used to measure calcium levels. 

However, we would expect an increase in resting calcium levels in these animals, thus 

introducing calcium dysregulation in R92L animals via CaMKII inhibition. 

SERCA2a activity for the R92W +/- AC3I was performed and analyzed by Lauren 

Tal-Grinspan, MD, Ph.D. At two months of age, both R92W and R92W + AC3I animals 

exhibited a significant decrease in SERCA2a activity. This was also shown to be caused 
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by a reduction in %Thr17-PLB phosphorylation in both genotypes. By 6 months of age, 

R92W animals increased SERCA2a activity to the levels of NT and R92L animals, 

indicating recovered myocellular calcium handling. This increase in activity was governed 

by an increase in phosphorylation of PLB whereby we detected a nearly 80% increase in 

phosphorylation of Thr17 coupled to a slight, albeit insignificant increase in %Ser16-PLB 

phosphorylation. Furthermore, the R92W + AC3I animals also exhibited no significant 

difference in maximal calcium uptake, despite partial inhibition of autonomous CaMKII 

activity. Thus, these data suggest that while an increase in CaMKII activity in these animals 

is beneficial for recovering myocellular calcium handling, the nearly two-fold increase in 

auto-activation of CaMKII in the R92W animals by 6 months is likely an exaggerated 

response as an estimated 40% reduction in activation was sufficient to induce a similar 

recovery. Of note, R92W and R92W + AC3I animals did exhibit significant differences in 

SERCA2a activity at lower calcium levels (pCa 6-7) whereby uptake was still slightly 

reduced in R92W + AC3I animals throughout this range. A lower dosage of CaMKII auto-

activation inhibition might elicit the desired recovery of SERCA2 activity within these 

physiological levels of calcium, thereby restoring relevant myocellular calcium handling 

in these animals with this proposed therapy.  

 This myocellular calcium handling was also coupled to systems level function and 

morphology over time as reported by 2D echocardiography (performed and analyzed by 

Dr. Joshua Strom, UA Phenotyping Core). At 2 months of age, R92L animals exhibit a 

trending increase in diastolic dysfunction while R92W exhibit a severe diastolic 

dysfunction that was maintained in the R92W + AC3I animals (Figure 13). Interestingly, 

the R92L + AC3I animals exhibit significant diastolic dysfunction, suggesting that partial 
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inhibition of CaMKII worsens function in R92L animals. This is likely the result of the 

reduced SERCA2a activity measured in these animals and a subsequent introduction of 

increased resting calcium levels. In fact, given that SERCA2a activity was reduced to a 

level similar to what is seen in the R92W and R92W + AC3I animals at this age, it is not 

surprising that diastolic function is also disrupted to a similar level between these 

genotypes. Atrial mass was also measured in these animals to couple cardiac remodeling 

to function (Figure 13). Specifically, left atrial enlargement is a sensitive measurement of 

increased ventricular filling pressures as seen in diastolic dysfunction and is considered a 

marker of severe and long-standing dysfunction [120]. Atrial mass was found to 

significantly increase in both R92L and R92W animals both with and without expression 

of the AC3I peptide. The slight reduction in atrial mass seen in all the genotypes expressing 

the AC3I peptide may be the result of a slight (although insignificant) increase in heart 

weight seen in the AC3I animals [69]. However, while visibly distinct in the graphical 

representation, these differences in atrial mass are less than 2% for each independent 

genotype as compared to the nearly 2-fold deviation from NT atrial mass and therefore are 

likely physiologically irrelevant.  

By 6 months of age, diastolic dysfunction and atrial mass was significantly 

increased in R92L and R92W animals, suggesting a progression of disease despite normal 

myocellular calcium handling in both genotypes. Diastolic dysfunction and increased atrial 

mass were also seen in R92L + AC3I animals, indicating no effect on disease progression 

with partial inhibition of autonomous CaMKII in these animals. Alternatively, R92W + 

AC3I animals exhibited a complete recovery of diastolic function to NT levels and a 

significant reduction in atrial mass by 6 months of age. While not directly measured, this 
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reduction in atrial mass is indicative of reduced ventricular stiffness in these animals 

allowing for sufficient relaxation. These systems levels effects are likely the result of the 

recovered myocellular calcium handling with reduction in the aberrant off-target effects of 

auto-activated CaMKII. Thus, this functional recovery coupled to improved morphological 

remodeling suggests a mechanistic role of autonomous CaMKII activity in cTnT R92W 

disease progression.  

Systolic function and ventricular remodeling were also monitored in these animals.  

At 2 months of age, NT + AC3I animals exhibited a trending increase in enhanced systolic 

function and ventricular remodeling as compared to NT animals (Table 6). The trending 

increase in wall thickness is like a compensatory response, described by the law of Laplace, 

in an effort to normalize wall stress in the face of reduced SERCA2a activity and 

subsequent increased resting calcium levels. Alternatively, the reduction in diastolic 

chamber dimensions is likely 2-fold: the increased wall thickness coupled to an increase in 

resting calcium levels, leading to sarcomeric activation at rest. While R92L animals exhibit 

a baseline enhanced systolic function and ventricular remodeling, each parameter was 

worsened in the R92L + AC3I animals, likely due to similar mechanisms described for the 

NT + AC3I animals. Of note, while the R92W animals exhibit similar levels of enhanced 

systolic function and ventricular remodeling to the R92L animals, these effects are not 

worsened in the R92W + AC3I animals, likely because SERCA2a activity is unchanged in 

between these two genotypes at 2 months of age. 

Systolic function was significantly enhanced and ventricular remodeling worsened 

in NT + AC3I animals by 6 months of age. Coupled to the previously described alterations 

in SERCA2a activity in these animals, these data support the notion of a physiological role 
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of autonomous CaMKII activity in maintaining cardiac function. To this end, R92L + AC3I 

animals also exhibited a significantly worsened ventricular remodeling and enhanced 

systolic function as compared to R92L animals. Thus, we conclude no role of autonomous 

CaMKII activity in R92L disease progression. In fact, the use of the AC3I peptide was 

found to worsen the phenotype in these animals, a finding that lends support to the proposed 

role of autonomous CaMKII in baseline cardiac function. Alternatively, supra-normal 

systolic function was recovered to NT levels in R92W + AC3I animals by 6 months. While 

SERCA2a activity was recovered in both R92W and R92W + AC3I animals, this AC3I-

induced functional recovery is likely due to the loss of undesired, off-target effects of 

autonomous CaMKII activity. Specifically, one could imagine that the CaMKII-mediated 

phosphorylation of LTCCs and RyRs that leads to facilitation of ICa and SR calcium leak 

would further increase intracellular calcium levels. Although SERCA2a activity and NCX 

expression were significantly increased in the R92W animals by 6 months of age [81], the 

persistence of CaMKII activity might be sufficient to induce dynamic increases in systolic 

calcium levels, leading to enhanced systolic function. However, further investigation into 

the CaMKII-mediated phosphorylation of these proteins is required to better determine the 

role of calcium, if any, in this increased systolic function despite seemingly recovered 

calcium handling.  

Of note, this enhanced systolic function is not the result of ventricular remodeling. 

Both R92W and R92W + AC3I animals exhibited a comparable reduction in ventricular 

chamber dimensions. Previous characterization of the R92W animals reported a reduction 

in heart size [77], a common finding in cTnT-linked HCM progression [76]. This suggests 
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that the effect on chamber dimensions is the result of a reduced heart size, rather than 

disrupted calcium homeostasis.  

Additional characterization of ventricular remodeling revealed no change in wall 

thickness in either the R92W and R92W + AC3I animals, in agreement with previous 

reports for the R92W animals [77]. These findings provide indirect evidence of differential 

activation of the two-known splice-isoforms of CaMKII. As previously mentioned, a 

nuclear-localization signal within the kinase (CaMKIIδB) allows for translocation into the 

nucleus, implicating CaMKII in initiation of hypertrophic signaling [60]. In over-

expression models of CaMKIIδB, severe ventricular hypertrophy and subsequent chamber 

dilation was induced, leading to reduced cardiac function in the animals [61, 62]. The lack 

of ventricular remodeling seen in the R92W animals suggests negligible activation of the 

nuclear splice-isoform of CaMKII (CaMKIIB). Moreover, while we acknowledge the 

limitations reported with of the use of the AC3I peptide in regards to the specificity for 

auto-activated  CaMKII versus protein kinase D [70] [71], the absence of hypertrophy 

supports minimal activation of nuclear CaMKIIB and subsequent phosphorylation of 

HDACs and activation of the MEF2 pathway. To this end, Helms et al also reported an 

increase in  CaMKII auto-activation in end-stage disease human myectomy samples with 

no increased activation of the MEF2 pathway [56].  

Alternatively, the CaMKIIδC, in which this nuclear-localization signal is spliced 

out, sequesters CaMKII within the cytoplasm where it facilitates ECC within the myocyte 

[121]. In a subsequent study in which the CaMKIIδC splice-isoform was over-expressed, 

the authors reported severe dilation and systolic dysfunction, leading to pre-mature death 

in the animals [64]. As would be expected, this was the result of significant alterations in 
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ECC proteins, leading to diastolic SR leak, reduced SR content, and blunted calcium 

transients. Together, these studies implicated increased CaMKIIδ activity as a modulator 

in the calcium-dependent progression to heart failure and a potential target for therapeutic 

intervention. Thus, our results suggest a cytoplasmic-specific increase in auto-activated 

CaMKII in the R92W animals that aids in disease progression over time.  

We speculate this increased auto-activation may modulate disease progression in 

other models of HCM with a similar phenotype to the R92W animals. Interestingly, cTnT-

linked HCM, causative of nearly 15% of HCM, is commonly described by severe diastolic 

dysfunction and risk of sudden cardiac death that is out of proportion to the degree of 

cardiac remodeling [76]. One such example is the cTnT I79N mutation where animals 

expressing this mutation exhibit similar characteristics to the R92W animals including 

minimal hypertrophy, severe calcium dysregulation, and a high risk of sudden cardiac 

death [76, 113]. Future studies on other known HCM mutations with differential calcium 

dysregulation are necessary to determine if increased auto-activation of CaMKII is a 

mutation-specific nodal point in disease progression.  

The goal of this research is to design small molecule therapeutics that will 

ameliorate disease within the mechanistic progression of HCM caused by the mutations at 

the myofilament. To date, clinical trials with CaMKII inhibitors have proved ineffective in 

the treatment of heart failure, likely due to their intended use as a laboratory tool rather 

than a clinical therapy [65]. However, due to the increase in data implicating the kinase in 

heart failure, arrhythmogenesis, and recently HCM, more focus is being placed on 

designing targeted therapeutics that mitigate the role of the kinase in disease progression. 

The data presented herein support the design of therapies, but caution against the 



103 
 

generalized use of them in all cases of HCM. As is the case for the R92L animals, we 

postulate a detrimental effect of CaMKII inhibition in calcium-independent progression in 

which a reduction in kinase activity led to unaffected and potentially worsened progression 

in animals.  Thus, understanding the mutation-specific molecular mechanisms of disease 

progression, such as auto-activation CaMKII, will offer a more robust management of 

HCM in the clinical population.  
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Chapter 5: Conclusions 

 

 This dissertation focused on understanding the calcium dysregulation in two 

similar, clinically relevant models of HCM. We provide evidence for mutation-specific 

alterations in myofilament calcium kinetics, driven largely by allosteric rearrangements of 

the Tn complex proteins. Specifically, we detected a differential calcium dissociation rate 

that is postulated to be a primary insult for down-stream calcium dysregulation within the 

myocyte. While calcium association is much faster than the rate of developed force within 

a myocyte, recent investigation into the rates of calcium association has suggested a 

mutation-specific dysregulation that may also play a role in disease progression. Therefore, 

continued studies on myofilament calcium kinetics, in particular the association kinetics, 

are necessary to understand the entirety of dynamic calcium handling in these myofilament 

mutations. Until then, we position calcium dissociation kinetics as a primary mechanism 

for calcium homeostasis dysregulation and a potential mutation-specific target for early 

intervention in calcium-dependent HCM progression. 

To test the efficacy of current therapeutics in the treatment of HCM, we treated 

these two animal models with an L-type calcium channel blocker. We detected an 

improvement in diastolic function in a model of calcium-dependent HCM progression with 

no improvement in cardiac remodeling. Moreover, in a model of calcium-independent 

HCM progression, we found no improvement in function or morphology with treatment. 

In support, this mutation-specific response was reported in other animal models of genetic 

HCM as well as clinical trials on a pre-hypertrophic cohort of HCM. Thus, we conclude 
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that diltiazem-HCl is a mutation-specific, indirect intervention sufficient for symptom 

amelioration with no effect on disease progression. 

Finally, we describe a mutation-specific increase in auto-activated CaMKII in 

animals with severe down-stream calcium alterations. Partial inhibition of the aberrant 

kinase activity led to blunting of disease in a model of proposed calcium-dependent HCM 

progression, suggesting a significant role of the autonomous activity in HCM disease 

progression. To this end, recent studies have implicated increased CaMKII auto-activation 

in end-stage HCM progression in humans [56, 57]. One of the first indications of HCM-

linked aberrant CaMKII activity was discussed by Coppini et al. in which CaMKII activity 

was linked to the electrochemical alterations of myocellular ECC [57]. The authors 

postulated the kinase to be a fundamental link between the myofilament mutations and the 

end stage phenotype. To this end, Helms et al. detected an increase in autonomous CaMKII 

activity in myectomy samples from sarcomeric-positive HCM but no increase in the 

sarcomere-negative HCM samples [56]. In support, we report a progressive worsening of 

disease with CaMKII partial inhibition in a model of calcium-independent HCM, further 

refining the mutation-specific role of the kinase. Thus, the data presented herein support 

these human studies and advance our understanding of autonomous CaMKII in disease as 

a highly-specific, amino-acid dependent early mechanism of progression. Continued 

research investigating the translation of these findings into other models of HCM is 

necessary to better delineate the role of the kinase in disease. Furthermore, the precise 

localization of the kinase within the myocyte, and in particular within the myofilament, 

will be necessary to determine if the above described alterations in dynamic myofilament 

calcium handling are sufficient to induce aberrant kinase activity.  
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We propose that therapies targeted to the primary insults induced by myofilament 

mutations will be the most efficacious intervention in modulating disease. Such therapies 

as gene editing via the CRISPR technique are designed to remove the mutation itself, 

restoring the normal sequence, structure, and function of the protein.  However, until the 

specificity of these therapies is improved, small molecule interventions targeted at 

restitution of the structure and/or function of the proteins are viable options. The data 

discussed within this dissertation indicate that targeting within the initiated pathogenesis is 

necessary to disturb the natural progression of disease. To this end, two future intervention 

modalities were proposed to restore calcium homeostasis within the myocyte in the face of 

mutations. The first proposed therapy would target within a critical interface of the Tn core 

whereby stabilization of the flexible N-terminus of cTnI may restore derangements in 

dynamic myofilament and down-stream calcium handling. A potentially more 

generalizable intervention was proposed against the autonomous activation of cytoplasmic 

CaMKII where its role in maintenance of calcium homeostasis can lead to aberrant, 

pathogenic activation (Figure 16). Continued research aimed at defining the primary 

mechanisms of disease will allow for improved therapies that confer an early, robust 

intervention within the natural history of HCM progression.   

  



107 
 

 

  

Figure 16: Proposed Mechanism of CaMKII-Mediated Disease Progression in 
Myofilament-linked HCM. 

CaMKII is known to be localized to the dyad and Z-disk of the sarcomere (slate). We propose 
a novel population of CaMKII localized to the myofilament (teal) that becomes activated upon 
mutation-induced myofilament calcium dysregulation. The persistent activation of the kinase 
leads to auto-activation (p-CaMKII; teal) that can travel throughout the myocyte and 
phosphorylate known targets of CaMKII (teal P’s). This sustained autonomous activation likely 
leads to myocellular derangements in ECC culminating in arrhythmogenesis and sudden cardiac 
death. 
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Appendices 

Appendix A: Calcium Dissociation Kinetics- HCM vs. DCM Characterization 

 Calcium dissociation kinetics were performed for various thin filament mutations 

causative of both HCM and dilated cardiomyopathy (DCM) in an effort to further classify 

progression.  The mutations that were investigated included two HCM-associated 

mutations both in cTnT (I79N and Δ160E) and one DCM-associated mutation found in Tm 

(D230N) [103, 122, 123]. Protein purification and stopped flow kinetics experimental 

methodology were performed as previously described. Preliminary data from calcium 

dissociation kinetics reported an increase in dissociation rate for TnT I79N (136 ± 6.31 per 

second) and Tm D230N (193.2 ± 13.12 per second) thin filaments as compared to WT 

filaments (Figure 17). Alternatively, cTnT Δ160E filaments did not exhibit a significant 

change in dissociation rate (99.12 ± 2.8 per second). Calcium dissociation rates were also 

measured with cTnI E32A to determine the role of the negatively charged residue in 

governing dissociation rates for these mutations. In agreement with the dissociation rates 

calculated for the cTnT R92 mutations + cTnI E32A (discussed in dissertation body), all 

three mutations exhibited an increased dissociation rate upon removal of this negatively 

charged amino acid (Figure 17). Of note, the increase in dissociation rate in the presence 

of cTnI E32A was ~2 times faster in these three mutations than was seen in the R92 

mutations. It is possible that the effects of the loss of this negatively charged amino acid 

are magnified due to known mutation-specific alterations in the baseline structure of the 

thin filament [22, 122, 124]. However, further data collection and coupling to in silico 

modeling will be necessary to determine the  
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Figure 17:  Effects of HCM and DCM mutations on Thin Filament 
Calcium Kinetics. 

In vitro Ca2+ dissociation kinetics for reconstituted CTFs. Each mutation was 
measured with WT cTnI (black trace) and with cTnI E32A (colored traces).  
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significance of this increased rate.  

Interestingly, cTnT I79N has been shown to have significant down-stream calcium 

dysregulation and a high incidence of arrhythmias in animals and patients carrying the 

mutation [36, 103]. Thus, the data presented above suggest that these down-stream 

alterations are the result of a disrupted affinity of the myofilament for calcium. 

Furthermore, given the similarities of presentation and disease severity in the cTnT R92W 

and I79N patients, it is possible that autonomous CaMKII activity is also a nodal point of 

disease progression in the I79N mutation. Future directions of this project include testing 

the role of CaMKII auto-activation in this and other HCM-associated mutations to 

determine the generalizability of this pathway to disease progression.   

The increased dissociation rate calculated for the Tm D230N mutation suggests a 

decreased affinity of the myofilament for calcium, providing insight into the trigger for the 

reduced calcium sensitivity of force generation previously measured [122]. Additionally, 

the subsequent downstream calcium dysregulation reported in the animals by Lynn are 

described as compensatory efforts via the myocyte in an effort to recover systolic function 

that is dramatically reduced. Together, the data suggest a primary myofilament-driven 

alteration in calcium handling but maintained EC-coupling, a common phenomenon seen 

in DCM mutations [122, 125, 126]. Alternatively, HCM is typically described by an 

uncoupled EC-pathway whereby the dysregulation seen in calcium handling is a 

decompensation for the measured systolic and diastolic function. This uncoupling is 

typified in the cTnT R92W and I79N mutations. It is interesting to note that similar changes 

in calcium kinetics at the level of the thin filament can lead to differing downstream 
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alterations and pathogenesis, highlighting the necessity to understand the primary triggers 

but also the downstream changes to properly define disease progression.  

The unchanged dissociation rate measured in the cTnT Δ160E filaments suggests 

that the alterations in myofilament calcium kinetics are not always the cause of the altered 

calcium sensitivity of force generation. As described above, affinity is determined by 

kinetic parameters, the rate of dissociation and the rate of association. Thus, it is likely that 

the rate of association is increased, governing the increased affinity measured in fibers 

containing the mutation [123]. Future studies into the calcium association rates will provide 

additional insight and a more complete story into the alterations of dynamic calcium 

handling in these mutations for the development of improved therapeutic interventions for 

patients.  
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Appendix B: Human Beta Myosin Heavy Chain Production 

Introduction 

LVNC is a genetic form of cardiomyopathy and is classified into two categories, 

isolated or pure (iLVNC), and mixed (mLVNC) in which LVNC is diagnosed in 

conjunction with a separate disease. This disease, associated with mutations in sarcomeric 

and non-sarcomeric proteins, is classified as having a wall thickness ratio of non-

compacted to compacted tissue greater than two [1]. Although the name suggests only the 

left side of the heart is affected, this morphology is present in both ventricles and indicates 

a disruption in the early development of the heart. The predominant hypothesis is that the 

non-compaction phenotype is due to a premature cessation of compaction. This would 

prevent the proliferating and differentiating myocardial cells from compacting down onto 

the myocardial wall, resulting in an increase in trabeculation post-development. However, 

studies have suggested that it is possible the phenotype may also arise from 

hypertrabeculation during development [8]. This would argue the normal degree of 

compaction signaling cannot compensate for the increased trabeculation, thus leading to 

an increase in non-compacted tissue. Understanding the underlying cause and mechanism 

of disease progression in LVNC is critical for therapeutic intervention for these patients. 

Recent improvements in the selection criteria and the use of cardiac MRI have aided 

in the diagnosis of LVNC versus HCM in patients, thus establishing the necessity for 

understanding this disease [127]. As these diagnostic improvements have only been 

utilized in the past decade or so, the prevalence of LVNC is thought to be unreliable. Due 

to this early onset of morphological defects, patients are typically diagnosed with LVNC 

when they are asymptomatic [127]. Despite early recognition of the disease, LVNC is 



113 
 

associated with severe heart failure, arrhythmias, and in some cases, sudden cardiac death. 

However, due to the morphological features of this disease, one of the highest risks for the 

patients are embolic events due to the pooling of blood within the ventricular trabeculations 

[128]. Thus, in addition to general heart failure management of systolic and diastolic 

function, anticoagulants are commonly prescribed in LVNC management.   

One of the most highly implicated genes in LVNC is MyH7 (β-myosin heavy 

chain). A single molecule of myosin heavy chain (MyHC) is composed of an N-terminal 

head or motor domain, a neck region containing a hinge and two associated light chains, 

and a C-terminal rod or tail domain. The head domain is divided into three clefts, the N-

terminal 25 kD domain, the middle 50 kD domain containing the nucleotide-binding site 

and actin-binding site, and the C-terminal 20 kD domain [4]. Dimerization of two 

monomers results in the winding of the tails to form a single, helical tail with two heads 

oriented toward the thin filament.  These myosin dimers are arranged such that upon cross-

bridge formation and cycling, movement of myosin along actin results in shortening of the 

sarcomere and thus contraction. Two different MyHC isoforms are expressed in cardiac 

muscle: α-MyHC and β-MyHC.  α-MyHC has faster enzymatic activity (ATPase activity) 

and is the predominant isoform expressed during embryonic development in humans. β-

MyHC is characterized by slower enzymatic properties (ATPase activity) and around birth, 

becomes the predominant isoform in humans throughout adulthood [5,6]. To date, in depth 

characterization of β-MyHC mutations through in vitro experimentation has been nearly 

impossible due to the in expression and purification of human β-MyHC. However, recently 

human β-MyHC was successfully purified [16], providing a necessary tool to characterize 

the functional effects of mutations found within the S1 domain of β-MyHC at a molecular 
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level.  Studies utilizing this novel expression method have described the actin binding 

affinities and force generating capacity of β-MyHC mutations as well as tested the efficacy 

of various drugs targeted to modulate the cross-bridge cycle [17]. 

London et.al. recently described a large, multi-generational family containing a 

mutation within the cardiac β-MyHC (MyH7) that was found to have a high degree of 

penetrance with isolated LVNC [11]. The mutation is found at site 467 within a 

hydrophobic region where a hydrophobic isoleucine is mutated to a polar threonine 

(I467T). A neighboring mutation also within the binding cleft, I457T, was also identified 

in multiple families with a high degree of penetrance with HCM [12,13]. This region of β-

MyHC is highly hydrophobic and found within the 50 kD cleft between the nucleotide-

binding site and the actin-myosin binding site [14]. A second HCM-associated mutation 

found near the actin-binding sites of β-MyHC, I736T, was first identified in 2007 by 

Laredo et al in three different families [15]. This mutation is defined by a high degree of 

penetrance, a severe phenotype, and a high risk of sudden cardiac death. Both regions 

harboring these three different mutations are critical in regulation of actinomyosin 

interactions. Disrupting this process, via either alterations in nucleotide binding/release or 

initial actin-myosin binding, would likely lead to decreased force production and ultimately 

disease (Figure 18). 

Methods 

 As described by Resnicow et al., the first 808 amino acids of human β-MyHC, 

denoted short S1, were cloned into backbone surrounded by two flox sites [129]. The 3’ 

floxed site contained the gene for fluorescent green protein (GFP) for use as a visual marker 

throughout the production process. This GFP gene has been inserted such that the MyH7 
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gene is shifted out of a reading frame, allowing for amplification of the large transcript 

without introducing the delay of the transcription process. An additional modification of 

the gene included introduction of silent mutations for both 5’-KpnI and 3’-HinDIII sites. 

Point mutations were introduced into the short MyH7 gene via recombinant PCR. 

Mutagenic primers were made against the site of interest and used in tandem with the KpnI 

and HindIII primers appropriately to generate two pieces of the MyH7 gene, each including 

the appropriate cloning site (ie: 5’-KpnI or 3’-HindIII) and mutation (Table 7). The two 

fragments were then gel purified via the QIAquick gel extraction kit (Qiagen) and used as 

the backbone to regenerate the full-length short MyH7 gene utilizing the KpnI and HindIII 

primers again. The full-length sequence was then purified via the QuikChangeII XL kit 

instructions (Stratagene/Agilent, Santa Clara, CA, USA, described above) and cloned into 

the pUC19 backbone (New England Biolabs) via KpnI and HindIII sites. The M13 Forward 

and M13 Reverse primers contained within the pUC19 backbone were utilized for 

sequencing of the construct and conformation of inclusion of mutations by the UA 

Sequencing Core.  

 Upon confirmation of successful mutagenesis, the construct was then released from 

the pUC19 backbone via KpnI and Xba restriction digests. Simultaneously, the pShuttle 

cytomegalovirus (CMV) vector (Addgene, Cambridge, MA, USA), containing the 

promoter necessary for viral expression, was cut with KpnI and Xba. The mutated β-MyHC 

gene was then ligated into the pShuttle-CMV vector and amplified via standard 

methodologies in DH5α cells. The resulting construct was then cut with X for insertion  
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Figure 18: Atomic Rendering of Human Beta-Myosin sS1 (PDB 4DB1) with 
LVNC-associated I467T. 

Human Beta Myosin short S1- PDB 4DB1 model was obtained and missing loops were added 
in via Swiss Modeler. ATP (green) was added to the motor domain. Residue I467 is labeled 
with the red ball. Inset: ATP-binding pocket of MyH7, highlighting the proximity of the I467 
residue to the ATP molecule. 
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Table 7: Mutagenetic Primers for Site-Directed Mutagenesis in Human Beta-
Myosin. 

Mutagenic primers were used in combination with KpnI and HindIII primers accordingly to 
generate partial fragments of DNA via recombinant PCR. KpnI and HindIII primers were then 
used in conjunction to re-generate full-length short S1 DNA for further processing.  
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into BJ-ADEasy cells (Stratagene/Agilent, Santa Clara, CA, USA), containing large 

portions of the viral genome.  Using electroporation, the β-MyHC + pShuttleCMV gene 

was cloned into the BJ-ADEasy cells to allow for transcription of the short S1 gene and 

viral genome. A representative image of the cloning scheme is summarized in Figure 19. 

The cells were plated and an individual colony was selected for further processing. 

Of note, smaller colonies are selected at this step based on the notion that larger cDNA 

content requires more time to amplify. Thus, it follows that smaller colonies have a higher 

probability of containing both the short S1 gene + viral genome.   The purified cDNA was 

then infected into human embryonic kidney (HEK293) cells via calcium-chloride 

precipitation. All HEK cell lines are cultured in Dulbecco’s Modified Eagle Media 

(DMEM) containing 4500 mg/L glucose and L-Glutamine (ThermoScientific) and 

supplemented with 10% fetal bovine serum (FBS). The cells were cultured continuously 

until fluorescence was visible of the GFP-tagged β-MyHC gene (approximately 2-3 weeks) 

(Figure 20). Amplification of the cells was continued until a 20X stock was generated for 

sufficient virus+cDNA content (approximately 2 weeks). The cells were then collected and 

lysed to release the end product. The resulting virus was purified in a cesium-chloride 

gradient (1.25g/mL CsCl in PBS = “Step solution”, 1.4 g/mL CsCl in PBS = “Cushion 

Solution”) via ultra-centrifugation (36,000rpm for 1 hour at 25°C in SW41 rotor). Upon 

collection of infectious particle band (lower band) from gradient, the viral + MyH7 DNA 

were added to 1.35 mg/mL CsCl in PBS and 1.5 mg/mL CsCl in PBS gradient and 

centrifuged for 65,000 rpm for >2hours at 25°C. The infectious particle band was then 

diluted 1:100 in molecular grade water. The virus was then  
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Figure 19: Myosin Cloning Scheme for generation of human Beta-Myosin S1. 

A) MyH7 + mutation is cloned into the pUC19 vector via KpnI and HindIII for sequencing. Red 
star indicates successful linearization of full length product (5.1kB) with desired mutation. B) 
MyH7 is cloned into pShuttle-CMV vector via KpnI and XbaI to add adenovirus gene and GFP 
tag. Red star indicates representative successful ligation into pShuttle-CMV for further 
processing. C) pShuttle-CMV + MyH7-GFP is linearized with PacI and electroporectically 
transformed into BJ AdEasy cells to complete the viral genome. Red Star indicates successfully 
transfected colonies. 
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infected into HEK293-Cre cells to allow for continued amplification while removing the 

GFP-tag between the floxed-P sites. This simultaneously shifted the β-MyHC cDNA back 

into a proper reading frame for further translation of the β-MyHC protein. The properly 

oriented cDNA + virus was then purified via a similar cesium-chloride gradient and ultra-

centrifugation for future processing. 

 Purified virus, free of the GFP-tag and within the proper reading frame, was then 

transfected into differentiated C2C12 cells (ATCC), a murine line of skeletal myoblasts. 

These cells have been identified to contain the chaperones that are necessary to express a 

properly folded motor domain. The differentiation process occurred over approximately 10 

days in horse serum + DMEM, at which point the myotubes began to twitch, indicating a 

functional unit for myosin expression. The virus was transfected into the C2C12 cells and 

cultured for approximately 10 days in 5% FBS, until “bulges” within the myotubes 

appeared (Figure 20). These bulges are representative of increases in protein content, 

signifying β-MyHC production. Simultaneously, the essential light chain (ELC) virus was 

also transfected into the C2C12 cells for subsequent purification of the β-MyHC + ELC 

complex. 

 Upon visual confirmation of bulges, the C2C12 cells were collected and suspended 

in DMEM + calf serum + 100 Mm AEBSF (0.192m/8 ml in milliQ water). The cells were 

then lysed via freeze-thaw cycles in liquid nitrogen and a heated water bath (~42°C) for 

approximately 6 cycles. The cell debris was then pelleted via centrifugation and the 

resulting supernatant (Figure 21) was loaded into a Q-sepharose column on the GE Akta-

FPLC purification system. The eluted fractions determined to contain the protein of interest 

were then loaded into a HisTrap column for complete  



121 
 

 

  

Figure 20: Cell Lines Used for Generation of Human Beta-Myosin S1. 

A) HEK293 cells infected with MyH7+GFP viral genome. Green fluorescence indicates 
amplification of MyH7 cDNA. B) C2C12 cell lines infected with MyH7, post-production phase. 
White arrows indicated “bulges” where myosin protein production occurs.  
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purification of the protein via the His-tagged ELC. Of note, the lifetime of purified 

human β-MyHC is currently unknown. Current storage conditions are similar to those of 

rabbit purified myosin S1 whereby the short S1 is diluted in a 50/50 myosin:glycerol ratio 

and stored in -20°C. These conditions prevent freeze-thaw cycling of the protein with an 

increase probability of maintaining the ATPase activity of the motor domain. 

Future Directions 
 

Just as has been the theme of this dissertation, the goal of this research is the identify 

the mechanisms by which point mutations progress to disease. By identifying these 

pathways, we hope to design and implement therapeutic interventions that disrupt the 

natural history of progression. This requires a high resolution of understanding disease 

from the atomic level to the whole animal models. The in vitro expression of human β-

MyHC will allow for an understanding of the molecular alterations caused by the 

mutations. Proposed assays include differential scanning calorimetry (DSC) which will 

provide insight into the structural stability of the motor domain alone and in complex with 

other myofilament proteins. We can couple this structural information to isothermal 

titration calorimetry (ITC) to determine the kinetics of cross-bridge formation in the 

presence of these mutations. Finally, in vitro motility will allow for insight into the 

functional disruptions including filament motility and velocity caused by these mutations.  

These in vitro data can be coupled to an in silico model of the first 808 amino acids 

of human β-MyHC (PDB 4DB1) [130].  While Rayment et al developed the three-

dimensional model of the chicken skeletal β-MyHC sub-fragment 1 (S1) molecule [4], 

which can approximate the location of residue Ile467, the exact location and intermolecular 

interactions of this residue are unknown. It is likely that Ile467 is found  
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Figure 21: SDS PAGE Gel of Human Beta Myosin S1 Protein. 

Short S1 was collected from C2C12 cells and run under denaturing conditions. sS1 is detected 
around 100kD while his-tagged MLC is detected around 25 kD. The extra bands are 
representative of cell debris from C2C12 cells.  
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within the hydrophobic cleft of the actin-binding site as well as near the nucleotide-binding 

site. Thus, by introducing the LVNC-associated I467T mutation into the human model, 

insight into the atomic level structural and implied functional alterations will allow for 

iterative processing between in vitro and in silico data collection.   

Finally, to study the natural progression of disease caused by the I467T mutation, 

a transgenic mouse model will be made that best phenocopies the human form of the 

disease. Of note, transgenic murine models that have been developed have failed to 

recapitulate the noncompacted phenotype seen in the disease [21,22], likely due to 

insufficient temporal expression of the mutation. As described above, α-MyHC is 

predominantly expressed embryonically in humans and around the time of birth, there is 

an isoform switch in which β- MyHC is predominantly expressed. In mice however, β-

MyHC is the predominant embryonic isoform while birth induces a switch to mostly α-

MyHC. Thus, we propose to express the LVNC mutation under the rat cardiac TnT 

promoter as it provides a similar developmental expression profile to the β-MyHC gene in 

humans. As it is well accepted that LVNC is a developmental disease, this will allow us to 

better recapitulate the development of the disease. Investigation into the morphological and 

functional alterations caused by this mutation, in conjunction with the above proposed in 

vitro and in silico studies, will ideally provide insight into targeted therapies for patients 

afflicted by this mutation.  

The goal of this research is the define disease pathogenesis for this mutation in 

hopes of improving clinical intervention for these patients. In addition to investigating this 

LVNC-association mutation, we hope to compare this mutation to two other clinically 

relevant HCM mutations both found in β-MyHC. The first of which is I457T, a very similar 
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mutation to the I467T mutation but found to be causative of a distinct cardiomyopathy. 

Thus, we hope to continue to answer the question of how two regionally and 

characteristically similar mutations lead to such varying degrees. These mutations will also 

be compared to a second HCM mutation in β-MyHC I736T which will allow for 

comparison of a similar mutation that is regionally distinct from the other two. Thus, we 

hope these mutations will not only allow for identification of mutation-specific 

mechanisms, but also allow for initial characterization of disease-specific pathogenesis 

which will help guide future studies investigating disease progression.  
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