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Abstract 
 
 

Arrhythmias account for approximately 250,000 deaths in the U.S annually, with 

nearly half being associated with heart disease. Arrhythmogenic disorders are broken down 

into a variety of subcategories, with the vast majority being primarily caused by either 

activity changes or variants in ion channels/exchangers. Arrhythmogenic cardiomyopathy 

(ACM) is a unique form of heart disease that is primarily hereditary, where variants in 

genes encoding structural proteins are the most frequent cause of disease formation. 

Variants within desmosomal genes are one of the leading predisposing factors to ACM, 

primarily characterized by fibro-fatty infiltration in the ventricular myocardium with an 

increased propensity for ventricular arrhythmias. This frequently results in sudden cardiac 

death, even prior to the detection of any cardiac structural abnormalities. Previous work on 

a familial ACM variant in desmoplakin (DSP) (p.R451G) identified a post-translational 

degradation of DSP that stemmed from increased sensitivity to the protease calpain, a 

pattern identified in additional pathogenic variants. Despite these findings, incomplete 

penetrance within most familial ACM cases complicates understanding of the associated 

molecular pathways, as well as determining the external factors that contribute to disease 

development. While the generation of murine models have significantly contributed to the 

understanding of disease progression, most utilized knock-out or transgenic techniques, 

limiting the potential translational impact. Our group has developed one of the first mouse 

models of ACM derived from a human variant by introducing the murine equivalent of the 

R451G variant into endogenous desmoplakin (DspR451G/+). Mice homozygous for this 

variant displayed embryonic lethality. While DspR451G/+ mice were viable with reduced 
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expression of DSP, no presentable arrhythmogenic phenotype was identified at baseline. 

Following acute stress through catecholaminergic challenge, DspR451G/+ mice displayed 

more frequent and prolonged arrhythmias compared to their control littermates. Chronic 

stress using pressure overload resulted in reduced cardiac performance, increased chamber 

dilation, and more rapid progression to heart failure in the DspR451G/+ mice. Finally, 

localization patterns in a key protein associated with DSP, connexin-43, were identified in 

the DspR451G/+ cardiac tissue. In summary, this model displays a phenotype only following 

cardiac stress, suggesting this model may be a useful tool for understanding the influences 

of environmental factors on disease penetrance. Further evaluation of variants of unknown 

pathogenicity within an N-terminal mutation hotspot of DSP determined calpain sensitivity 

may be a shared mechanism in DSP variants, which can be a predictor model for those of 

unknown pathogenicity. These studies highlight the need for personalized medicine based 

on the phenotypic variability among patients with different variants, and even among those 

in the same family.  
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Chapter 1. Introduction 
 
 
 
1.1 Normal cardiac conduction and the action potential  

 
Heart disease remains as the leading cause of death worldwide, with sudden cardiac 

death (SCD) resulting in the largest proportion (60%) of all cardiovascular disease related 

deaths [1]. Ultimately attributing to causing between 180,000 to 300,000 deaths annually 

in the United States, the vast majority of SCD cases are caused by cardiac arrhythmias, 

defined as a disruption in proper electrical signaling within the heart [1-2]. Typical cardiac 

excitation-contraction is initiated by pacemaker cells within the sinoatrial (SA) node, 

which propagates the electrical signal uniformly throughout the atria. This impulse is then 

conducted to the atrioventricular (AV) node through the intermodal pathway. Following a 

slight delay, the electrical impulse conducts through the bundle of His, where the signal 

propagates into two separate bundle branches (left and right). This signal is then 

transmitted to the left and right ventricles via the Purkinje system, where the signal is 

transmitted to ventricular myocytes. Throughout this process, the body maintains 

homeostatic cardiac function by regulating this conduction through a variety of signaling 

pathways, particularly the sympathetic and parasympathetic nervous system, which are 

responsible for the regulation of heart rate and cardiac contractility [3-4].  

The Purkinje fibers are essential for proper electrical conduction and cardiac 

contraction, as they transmit action potentials (AP) faster than ventricular myocardium, 

and rapidly spreads a uniform impulse through the entire ventricular myocardium [3]. The 

intercalated disc (ID) is vital for this for this electrical exchange between cardiomyocytes. 
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The cardiac ID is the junction that joins adjacent cardiomyocytes to exchange both 

electrical and mechanical signals, and is comprised of multiple protein complexes to both 

accomplish this signaling and provide structural integrity [5]. ID function is vital for both 

ventricular and atrial myocytes. As the action potential propagates through one 

cardiomyocyte that results in a contraction, the ID allows for ion exchange with the 

neighboring cell, resulting in a rapid, and importantly unidirectional, transmission of the 

electrical impulse. As each cardiomyocyte contracts, neighboring cardiomyocytes will 

synchronously contract as the cytoskeleton of each cell is mechanically linked through the 

ID [5]. Misregulation at any of these steps in cardiac conduction can result in arrhythmias 

that may trigger SCD. 

 

 

Figure 1: Cardiac action potential 
(A) Schematic of the cardiac action potential in humans (scale bar =100ms), (B) and in 
mice (scale bar =25ms). 

 

Typical (non-pacemaker) cardiac action potentials can be broken into 5 major 

phases as seen in Figure 1 above. Note the murine action potential has a substantial 

different morphology where these phases are harder to distinguish (Figure 1B). Known as 

phase 4, resting membrane potential is between -80mV and -90mV [6]. Following an 
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external (depolarizing) stimuli, phase 0 is initiated via the opening of voltage gated sodium 

channels, resulting in the rapid influx of Na+ (INa) that causes a rapid cellular depolarization. 

This is followed by phase 1, an early initial repolarization that is primary acts through the 

transient outward potassium current (Ito), but inward Cl- (ICl) contributes as well. In phase 

2, the rapid depolarization results in Ca2+ influx (ICa,L) via L-type calcium channels [6-7]. 

Ultimately this results in cardiac contraction, as Ca2+ influx results in the opening of the 

cardiac ryanodine receptor (RYR2), resulting in the release of calcium from the 

sarcoplasmic reticulum (SR) in to the cytoplasm that triggers actin-myosin crossbridge 

formation. This is known as calcium-induced calcium release (CICR) [8]. Phase 2 is known 

as the plateau phase, as the inward calcium current offsets the outward potassium current, 

leading to a relatively stable membrane potential [6]. At phase 3, the L-type calcium 

channels close, allowing for potassium currents to begin rapid repolarization. This is 

primarily initiated through the opening of the delayed rectifier channels (IKr/Ks), that is later 

taken over by the inward rectifier current (IK1) [6-7]. As the resting membrane potential 

returns to baseline (-80mV to 90mV) at phase 4, IK1 remains active early on, and multiple 

exchangers and ATP-dependent channels return ion concentrations to basal levels. These 

include the sodium-calcium exchanger (NCX) and the sodium-potassium pump (NKA) [6]. 

As each of these channels, exchangers, and pumps are necessary for proper cardiac AP 

propagation, variants or misregulation in any of these proteins can alter AP properties that 

may result in arrhythmias and impaired cardiac contractions.  
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1.2 Disruption of normal electrical signaling and the formation of cardiac arrhythmias  

 
 Arrhythmias can be classified into two major subgroups, atrial and ventricular 

arrhythmias. The most common types of atrial arrhythmias are supraventricular 

tachycardia, which include atrial fibrillation (AF) and atrial flutter (AFL). Atrial fibrillation 

is the most common cardiac arrhythmia with nearly 33 million cases worldwide, and is 

associated with an increased mortality linked to cardiomyopathy, heart failure, and stroke 

[9-10]. Overall AF is a multi-facetted disease with a variety of factors contributing to the 

phenotype, including changes in ion channel activity, alterations to calcium handling, atrial 

fibrosis and dilation [9]. Generally AF is induced by reentry pathways (single or multiple, 

frequently from the pulmonary veins), where perturbed AP conduction may result in 

premature firing of atrial myocardium prior to a second signal from the SA node, leading 

to rapid and irregular electrical activity [9-10]. The atria are at particular risk for this 

disrupted signaling due to shortened AP propagation and refractory periods [9]. Atrial 

flutter has a milder impact on atrial function, where atrial conduction and heart rhythm are 

more stable and uniform compared to AF [11]. While less severe, AFL still poses multiple 

health complications, including an increased risk of stroke and other thromboembolic 

events [11]. While these conditions may lead to palpitations and play a role in ventricular 

tissue, they often times only impact the atria [9-11].  

Ventricular arrhythmias are generally considered more severe than atrial 

arrhythmias. The most frequent arrhythmic trigger of SCD is ventricular fibrillation (VF) 

[2, 12], identified in approximately 70% of cardiac arrest patients [13]. Defined as a wide 

complex tachycardia, VF has a notable irregular rhythm with abnormal QRS morphology, 
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ultimately an extreme risk for disrupting cardiac output and resulting in SCD [13]. 

Ischemic heart disease and myocardial scarring is a common trigger for this [12], but can 

develop in the absence of structural defects through a variety of arrhythmic disorders.  

Brugada syndrome is a ventricular disorder characterized by abnormal ST segment 

elevation, ultimately resulting in syncope, VF, and SCD [14]. The disease has a prevalence 

of ~1:2000, and while traditionally being inherited autosomal dominantly, Brugada 

syndrome is known to have a low penetrance level. This risk for SCD is low in 

asymptomatic cases, which comprises of approximately two-thirds of all cases [14]. 

Despite this, men are nearly eight times more likely to be diagnosed. While more than 25 

genes have been linked to the pathogenicity of Brugada syndrome, nearly 20% of Brugada 

syndrome patients have an identified loss-of-function variant in SCN5A. This gene encodes 

the alpha subunit of Nav1.5 [15-16], the predominant channel responsible for the INa current 

[17]. Genetic variants are also commonly found in targets responsible for proper trafficking 

of Nav1.5, thus reducing INa. Examples include genes related to the β-subunit of Nav1.5 

(SCN1B, SCN2B, and SCN3B) [18-20], glycerol-3-phosphate dehydrogenase 1 (GPD1L) 

[21-22], and sarcolemmal membrane associated protein (SLMAP) [23]. Outside of sodium 

current, loss-of-function variants that decrease ICa,L (CACNB2b, CACNA2D1, CACNA1C, 

each components of the L-type calcium channel Cav1.2)  [22, 24-25], or gain of function 

variants that increase potassium currents Ito and IK1 (KCND2, KCND3, KCNE3, KCNE5, 

KCNJ8, and KCNH2) [22, 26-30] also contribute toward Brugada syndrome development.  

Early repolarization syndrome (ERS) has a similar phenotype to Brugada 

syndrome, with differences in diagnosis being determined by the primary region of the 
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heart being affected [31-32]. While occasionally phenotypically indistinguishable from 

Brugada syndrome, ERS is diagnosed based on the identified genetic variant [31]. There 

are at least six ERS associated genes, with variants frequently resulting in reduced ICa,L or 

INa current activity, or increased Ito, ATP-sensitive K+ current (IKATP) or acetylcholine-

regulated K+ current (IK,Ach) [31-32].  

 Long QT (LQTS) and short QT syndromes (SQTS), as the names suggest, are 

characterized by abnormal repolarization, resulting in morphological changes in T wave 

structure, and prolonged or shortened QTc intervals, that can attribute towards syncope, 

ventricular arrhythmias, and SCD [33-34]. While both LQTS and SQTS have different 

subgroupings based on ECG parameters, symptoms, and genetic cause, the downstream 

alterations in ion channel activity lead to disrupted AP propagation. Due to the delay in 

appropriate repolarization in LQTS, the most frequent causes are loss-of-function variants 

in potassium channel-linked genes, or gain-of-function in either INa or ICa,L [35]. LQTS has 

frequently reduced responsiveness to β-adrenergic signaling or altered channel gating that 

leads to a prolonged AP propagation/QTc intervals, ultimately triggering arrhythmogenesis 

[36-37]. In contract, SQTS is typically associated with gain-of-function variants in 

potassium channels, or loss-of-function variants in calcium voltage-gated channels [38]. 

Despite having near opposite changes in ion activity, the reduction in AP duration and 

refractory periods pose a risk in the development of arrhythmias such as VT/VF that can 

result in SCD [38-39].  

Catecholaminergic polymorphic ventricular tachycardia (CPVT) is a disorder 

linked to episodic syncope that occurs during stress, particularly physical or emotional 
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stress, without the presence of a structural phenotype. These syncope events are triggered 

by VT events, that ultimately may develop into VF and SCD [40]. While idiopathic forms 

exist, nearly all CVPT cases are linked to calcium handling proteins outside of the L-type 

calcium channel. Most cases are linked to autosomal dominant variants in RYR2, and while 

around 70 variants have been identified, mechanistically most of these variants impact 

RYR2 luminal sensitivity of Ca2+, binding to associated proteins, the SR Ca2+ load, and 

initiation threshold [15]. Other genes linked to CPVT include triadin (TRDN), calsequestrin 

(CASQ2), and calmodulin (CALM1/3), each responsible for producing calcium regulatory 

proteins [40]. While a variety of variants and mechanisms have been linked to each of these 

proteins, they share downstream molecular consequences including abnormal SR calcium 

load and calcium leak, resulting in calcium sparks that may trigger ventricular arrhythmias 

including VT. β-adrenergic activity has been shown to have a strong connection with the 

formation of arrhythmias [41].  

While there are exceptions, the vast majority of disease-causing variants in each of 

these arrhythmogenic disorders is primarily electrical, typically by altering the activity ore 

regulations of either ion channels or calcium-handling proteins. However, arrhythmogenic 

cardiomyopathy (ACM) is an arrhythmic disorder that is primarily linked to genetic 

variants in structural genes that lie within the ID [42]. There is a structural component to 

ACM, particularly in late stages of disease development. However, a hallmark of ACM is 

an arrhythmogenic ‘concealed phase’, where patients may be at risk for the development 

of life threating arrhythmias prior to the onset of a structural phenotype [43-44]. Despite 

recent work, the molecular mechanisms of disease development, and how they are 
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influenced by external stress factors, remain largely unknown. This gap of knowledge on 

how structural proteins can result in an arrhythmogenic disorder prevents optimal treatment 

of ACM patients. A more thorough description of the genetic background, environmental 

factors, and treatments for ACM is provided in chapter 2 [45]. 

  

1.3 Role of intercalated discs and desmosomes 

 
As previously stated, the ID is the junction between adjacent cardiomyocytes that 

not only provides structural integrity to withstand contractile forces, but transmits electrical 

and mechanical signals between cardiomyocytes to allow for synchronized and 

unidirectional AP conduction [5]. This structure is drastically different from the lateral 

membrane, which is responsible for stabilizing portions of the cytoskeleton and sarcomeres 

to the extracellular matrix [5]. The ID plays an important role in both atrial and ventricular 

cardiomyocytes, but there are differences in protein expression [46]. Recent studies have 

suggested there is significant heterogeneity among different ID structures within the 

ventricular tissue, as well as between atria and ventricular discs. [47-49]. This may explain 

why select diseases linked to the ID may only affect ventricular (ACM) or atrial (AF) 

portions of the heart [47, 50].  

 Despite the variability between different discs, there are three major protein 

complexes that compose all ID structure. These include the adherens junction (AJ), gap 

junction (GJ), and the desmosome [5, 51]. The AJ links the actin cytoskeleton of adjacent 

cardiomyocytes, anchors myofibrils, and senses mechanical forces. As it links the actin 

cytoskeleton, mechanical forces and signals related to actin and contractions are 
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transmitted between cells through AJs [5]. The major contributor towards AJ structure and 

function is the transmembrane protein N-cadherin (N-Cad). N-Cad extends into the 

extracellular space of the ID and homodimerizes with N-Cad from adjacent cells, allowing 

cardiomyocytes specificity when forming extracellular interactions [5]. This 

homodimerization occurs in a calcium-dependent manner, as the extracellular domains 

have multiple calcium binding domains. While its expression is essential for fully 

developed heart, N-Cad also plays an extremely important role in the developing heart as 

the primary cadherin expressed in the myocardium [52]. The intracellular portion of N-cad 

primarily interacts with β-catenin, but is also capable of interacting with α-catenin, γ-

catenin, p120-catenin and vinculin [51, 53]. Among these proteins, α-catenin and vinculin 

are primarily responsible for forming interactions with actin [5]. These proteins, practically 

N-Cad, α-catenin, and vinculin, play a role in mechano-sensing, where increased force 

detected by N-cad leads to a cascade of protein recruitment and phosphorylation that 

ultimately leads to changes in sarcomeric organization and cell stiffness [5, 54-56].  

Alterations in expression patterns or variants in these proteins have been frequently linked 

to dilated cardiomyopathy (DCM) or hypertrophic cardiomyopathy (HCM) like 

phenotypes [51, 57-58]. Overexpression or inducible knock-out (KO) of N-cadherin results 

in a DCM phenotype in adult mice [59-60], with the haploinsufficient KO model displaying 

increased susceptibility to arrhythmias and disrupted localization of connexin 43 (Cx43), 

an essential GJ protein [59, 61].   

Gap junctions are regions of multiple intercellular channels that allow the passage 

of small molecules (<1 kD) between adjacent cells. Ion exchange occurs frequently via 
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these channels during AP propagation. Different connexin proteins dimerize to form these 

channels, where six connexin molecules for a hexameric hemichannel in the membrane, 

then dimerize with another hemichannel in the opposite cell to produce a function channel 

that links the adjacent cells [51]. In ventricular tissue the primarily expressed connexin is 

Cx43, where atrial tissue has expression of both Cx43 and Cx40 [5, 62]. Key proteins 

within AJs, as well as the desmosome, are vital for proper localization and expression of 

Cx43 at the ID. Zonula occludens-1 (ZO-1) is a scaffolding protein expressed at the ID that 

interacts with α-catenin, and provides structural support by connecting with the actin 

cytoskeleton [63-64]. ZO-1 also directly binds to Cx43, establishing a physical link 

between AJ and GJ, and has been suggested to modulate turnover rates of Cx43 [65]. One 

study examining a ZO-1 haploinsufficient model indeed showed loss of ZO-1 results in 

altered localization of Cx43 within the cardiomyocyte with increased aggresome 

formation, as well as increased Cx43 expression [66]. 

The final major protein complex at the ID is the desmosome. Acting as a cellular 

anchor that links cardiomyocytes at the ID, the desmosome is essential for providing 

support to cells to protect their structural integrity from the mechanical forces generated 

during contractions [5]. Desmosomes also stabilize epithelial tissue as well. While AJ’s do 

provide some structural stability at the ID, desmosomes are considered significantly more 

robust, as they form interactions with more mechanically resilient, yet flexible portions of 

the cytoskeleton in the intermediate filaments [67]. In the cardiomyocyte, the intermediate 

filaments primarily linked to the ID is desmin [5]. There are 5 major desmosomal proteins 

essential for ID stability. Desmoglein-2 (DSG2) and desmocollin-2 (DSC2) are cadherins, 
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like N-Cad, that extends extracellularly to form intercellular interactions [5]. These 

cadherins are regulated by calcium to control adhesive strength, which provides the ability 

for desmosomes to be flexible during wound healing or embryogenesis [68]. Misregulation 

of this flexibility, or diminished mechanical strength of these cadherins through reduced 

adhesion, results in ACM pathology including ventricular arrhythmias and infiltration of 

fibrotic tissue [69]. Beyond DSC2 and DSG2, two essential armadillo proteins in 

plakoglobin (PKG) and plakophilin-2 (PKP2) bind to the cytosolic portion of these 

desmosomal cadherins. Of note, PKG is also known as γ-catenin, and PKP2 is homologous 

to p120 catenin, both key members of the AJ. This provides a physical link between 

desmosomes and AJs via interactions with N-Cad, α-catenin and β-catenin [5]. Indeed, 

PKG appears to have particular importance in not only organizing and recruiting DSP to 

the ID, but for organization of the ID by separating desmosomes from AJs. Referred to as 

both PKG and γ-catenin, this protein plays an essential role in both of these protein 

complexes. However, binding experiments have shown PKG, while bound to DSG-2, 

cannot interact with α-catenin, separating the two protein complexes [70]. The last major 

component of the desmosome is desmoplakin (DSP). A member of the plakin family that 

directly links to the intermediate filament desmin, DSP connects the remainder of the 

desmosome with this cytoskeletal network [67]. A transmission electron microscopy 

(TEM) diagram pointing out the different ID components can be found in figure 2. 
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Figure 2: Diagram of the different ID components 
Arrows point to the three major components of the ID, including the desmosome (black) 
the adherens junction (yellow), and the gap junction (blue). The desmosomes are defined 
by regions where the membranes between two cells can be seen, with a very dark, electron 
dense shell surrounding the region. Adherens junctions are identified by a separation 
between the two membranes with a light density. Gap junctions are tight lines where the 
membrane of the two cells cannot be distinguished.  
 

As with AJs, desmosomes are also capable of interacting and recruiting GJ proteins. 

Evidence has supported that DSP plays a role in the recruitment of Cx43 to the ID through 

interactions with microtubule end binding protein 1 (EB1), and essential protein that 

regulates microtubule formation and promotes stability during cell growth. ACM-linked 

DSP genetic variants can disrupt Cx43 recruitment via reduced binding to EB1 [71]. 

Additionally, loss of DSP triggers the lysosomal-mediated degradation of Cx43 through a 

RAS dependent mechanism [72]. Pkp2 inducible KO mice show an increased propensity 
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for inducible arrhythmias, linked to the disruption of both calcium handling proteins and 

ID structure [73-74]. Furthermore, increased hemichannel Cx43 was also identified, 

displaying leaky behavior with increased cellular permeability [75]. Multiple diseases 

linked to disrupted desmosome integrity, including ACM [75-76], Naxos disease [77], and 

Carvajal syndrome [78], frequently exhibit disrupted Cx43 expression and localization. 

While each of these three ID components have unique and complex functions 

towards proper transmission of electrical and mechanical signals, functionally each portion 

of the ID relies on each other, and forms many structural connections. They each have their 

own subdomains in the ID, making the structure of the disc non-uniform with significant 

heterogeneity between each ID. However, select regions of the ID have tight interactions 

of different combinations of these three complexes [5]. These provide unique physiological 

functions including regulation of the localization of different compartments, recruitment 

of select ion channels, and for building interactions with the SR.  The connexome is defined 

as regions with closely interacting Cx43 and Nav1.5 to the desmosome, particularly through 

PKP2 [5, 79]. Super-resolution fluorescent microscopy is required to identify these regions, 

believed to play a role in regulating excitability, intercellular communication, and cell-cell 

adhesion [79]. Evidence suggests Cx43 plays a vital role in the recruitment of Nav1.5 as 

well as appropriate sodium signaling [80-82].  

 Additionally, the perinexus is defined by the region on the edge of functional gap 

junction plaques, where individual Cx43 hexamers interact with ZO-1. This interaction 

prevents the formation of intercellular connexin channels, indicating ZO-1 may play a role 

in Cx43 recruitment to the ID, but may also regulate the size of GJ plaques [5]. Loss of 
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ZO1 in mice results in increased Cx43 expression, mislocalization, and extended GJ plaque 

size [66, 83].  

 Ankyrin G (AnkG) is scaffolding protein that plays an imperative role in ion 

channel recruitment and organization at the ID. AnkG is involved in both connexome and 

perinexus organization, particularly through direct interactions with Cx43. For perinexus 

structure, AnkG-Cx43 interactions occur away from the GJ beyond ZO-1-Cx43 

interactions, suggesting AnkG plays a role in recruitment of Cx43 to gap junctions, and 

plays a regulatory role in the size of these plaques [5]. Additionally interactions between 

AnkG and Nav1.5 are vital for proper ion exchange at the connexome, [81, 84], which are 

facilitated through EB1 [5]. NCX, Na+/K+-ATPase, and Nav1.5 have also been connected 

to regulation via AnkG, where variants have been associated with electrical dysfunction 

and reduced cellular adhesion [5].  

Being essential for both AP propagation between cardiomyocytes through the 

passage of appropriate ions, as well as ensuring a synchronous contraction between cells, 

it is not surprising dysfunction of the ID leads to the phenotypic progression in many 

diseases. ACM is of particular interest in relation to the ID, specifically the desmosome. 

While the vast majority of arrhythmic disorders stem from variants or dysfunction in either 

ion channels or proteins that regulate them, as many as 90% of ACM cases (with an 

identified genetic culprit) arise from variants in ID proteins, with the vast majority being 

among desmosomal proteins [45]. Among the desmosomal genes, DSP, PKP2, and DSG2 

are the most frequently affected [45, 85]. DSP is of particular interest for a variety of 

reasons. Based on affected protein region the variant disrupts, can result in either an ACM 
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or DCM phenotype [45, 85-87]. Additionally, while many ACM patients experience a more 

severe phenotype in the right ventricle (RV), DSP-linked ACM cases are often 

biventricular or LV dominant [76, 88-89].    

 
 
1.4 Function of desmoplakin and its connection to arrhythmogenic cardiomyopathy 

 
Desmoplakin is one of the largest desmosomal proteins and is a member of the 

plakin family. DSP is expressed primarily in cardiac, vascular, and epithelial tissue, tissues 

that experience significant mechanical stress [5, 90-91].  Regardless of cell type, plakin 

proteins are responsible for linking intermediate filaments to desmosomal targets in order 

to provide mechanical strength to the desmosome [91]. Variants in DSP have been linked 

to a variety of diseases, including ACM, DCM, and a variety of epithelial/skin disorders 

[78, 87]. There are three major domains in DSP, an N-terminal spectrin repeat (SR) 

domain, a central coiled-coil domain, and a C-terminal plakin repeat domain (PRD) [91]. 

A single DSP gene encodes for two separate isoforms, DSP I (~320kD) and DSP II 

(~260kD). DSP II lacks a portion of the coiled-coil domain, and is not expressed in cardiac 

tissue [91]. Overall the expression of DSP is vital for proper embryonic development of 

both epithelial and cardiac tissue as seen from Dsp KO mouse models. Whole body KO of 

Dsp results in embryonic lethaility at ~E6.5 due to disruption of epidermal sheet formation, 

whereas cardiac specific restriction results in delayed lethality at approximately E10.5-

E15.5 [90, 92]. 

There are a total of six α-helical SRs encompassing the N-terminal region of the 

protein (SR3-SR6, SR7-SR8) [76]. Between the SR4-SR5 domains is a Src homology 3 
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(SH3) domain, where the majority of ACM-linked variants in the ‘hotspot’ lie [45, 76, 85, 

93]. To date, while the structure of SR and SH3 domains are known, there are gaps of 

knowledge in terms of function of this region. This N-terminal domain is responsible for 

forming interactions with the armadillo proteins PKP2 and PKG, ultimately connecting the 

desmosome to the intermediate filaments [70, 94]. However, despite having similar 

structures, the regions of these proteins that interact with DSP are different. While PKG 

interacts with DSP through the armadillo repeats [70], PKP1/2 are shown to interact with 

DSP through its N-terminal head domain region [94]. The role these proteins seem to play 

on DSP/desmosomal interactions also appear to drastically differ. Using epithelial cell 

culture and Co-IP experiments, PKP1 was shown to interact very strongly with DSP, but 

only interacts weakly with the desmosomal cadherins [94]. Contrarily, PKG interacts 

strongly with both DSP as well as the cadherins [70], ultimately suggesting PKG plays a 

stronger role in linking DSP to the desmosomal cadherins, while PKP1 is more essential 

for DSP’s stability at the ID and enhancing the ability to form homodimers [94]. PKP1 is 

capable of recruiting DSP to the desmosome alone, whereas PKG requires the assistance 

of desmosomal cadherin to perform this task. While PKP2 is more capable of interacting 

with the desmosomal cadherins than PKP1, this suggests these armadillo proteins each 

plays a unique role in recruitment and organization of DSP at the desmosome [94]. This is 

essential as DSP is unable to directly from interactions with DSG2 [70].   

Beyond protein interactions, in silico and in vitro studies have proposed this SR 

region, specifically the SH3 domain, plays a vital role in directly providing DSP and the 

desmosome with structural stability, as well as having a mechano-sending role [93, 95]. 
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When the SH3 domain is removed from DSP (also tested in another plakin member, 

plectin), the amount of force required to rupture the protein is drastically reduced via 

molecular dynamics (MD) simulations [93]. These results were verified in another SH3-

containing plakin protein, plectin. Additionally, as force is applied to the N-terminus of 

DSP, unfolding occurs at the SR domains that restrict exposure of the SH3 to the 

surrounding environment, potentially opening up interactions downstream mechano-

sensing signaling pathways [93]. In a separate study, multiple ACM-linked variants were 

introduced into DSP using MD-force studies that are within or interact with the SH3 

domain [95]. Select variants in this region appear to result in an increase in DSP 

flexibility/buckling, ultimately reducing the force required to rupture the protein. 

Interestingly, variants buried in the protein, and therefore more likely to form 

intramolecular interactions, had a more severe impact on SH3/SR4-5 stability [95]. Outside 

of these MD-studies, others have linked N-terminal variants to ACM via perturbed 

recruitment and stability of the key GJ protein Cx43 as previously described [71-72]. Select 

variants within DSP were unable or had reduced interactions with EB1, which ultimately 

restricted the recruitment of Cx43 to the cellular membrane. Indeed loss of Cx43 is 

frequently reported in ACM models [73, 75, 96], as well as ACM patients with DSP 

variants [76, 96]. Additionally, others have supported that select variants result in increased 

sensitivity to the protease calpain [76, 97], which will be described in more detail in chapter 

1.5. It is possible all of these mechanisms may be responsible for ACM development, and 

may just depend on the variant’s role in protein-protein interactions and SR-SH3 stability. 

Regardless of the mechanism, dysfunction of the SR/SH3 domain is strongly correlated 



18 
 

with ACM, as 16 of the 25 known disease causing variants lie within this region, 9 of which 

surrounding or directly in the SH3 domain [93]. Models of the N-terminus of DSP, as well 

as the localization of the ACM-linked variants within DSP, can be found in figure 3. While 

the sequence of DSP is conversed among mammals, the region associated with the 

mutational ‘hotspot’ displays extreme conservation at >99% for most mammals (Figure 

3B).  
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Figure 3: N-terminal diagram of DSP and mammalian sequence homology 
(A) Two dimensional diagram of the N-terminus of DSP, showing the relation of the SH3 
domain to the spectrin repeats. A zoom in of the mutation hotspot (residues 280-515) of 
pathogenic variants is included. # indicates the calpain target site (residues 447-451). (B) 
Sequence homology examining the conservation of the mutational hot spot, as well as 
DSP’s entire sequence through mammals. (C) Three dimensional model of the N-terminus 
of DSP (residues 265-554) showing the proximity of each variant to the calpain target site 
(yellow circle). Pathogenic variants are labeled in orange, variants of unknown 
pathogenicity are labeled in green. *Indicates the variant is within 30 angstroms of the 
central piece of the target site (residue 448).  
 
 

The central coiled-coil domain and the C-terminal plakin repeat domains, while not 

as strongly associated with ACM, still play an intrinsic role in desmosomal/DSP function. 

Homodimerization is essential for proper DSP function and stability [98-99]. Coiled-coil 

domains are responsible for not only providing significant structural support, but assist in 

protein-protein interactions [100]. This coiled-coil domain is found in many proteins 



20 
 

including desmin, where region often prominent of variants for diseases such as ACM 

[101]. Despite this, no significant disruption of this region in DSP has been linked to ACM. 

The C-terminus of DSP is comprised of three PRDs (PRDa-PRDc), with the role to recruit 

and bind directly to the desmin network [91, 98, 102]. Variants in this region are not 

commonly linked to ACM, but instead to skin disorders and DCM [84, 103-104]. While 

all three of these repeats are essential for interactions with desmin, the most C-terminal 

PRDc region is the most important in forming these interactions, being compromised of a 

68 residue repeat of glycine-serine-arginine [104]. Nearly 50% of the residues within these 

PRDs are target sites for phosphorylation, and misregulation of phosphorylation patterns 

have been associated with broken DSP-desmin interactions and disease formation. 

Ultimately glycogen synthase kinase 3 (GSK3) and protein arginine methyl transferase 1 

(PRMT-1) are responsible for the post-translational modifications that maintain the 

integrity of DSP to desmin [104]. The most well characterized variant that perturbs this 

interaction is the S2849G that ultimately drastically increases the binding affinity of DSP 

to the intermediate filament network by nearly tenfold. While this may seem like an 

increase in stability, it was shown to greatly delay desmosomal assembly [104]. A variant 

within this region was introduced into mice, R2834H, which impacted desmosomal 

formation and phosphorylation of the C-terminal of DSP [104-105]. This mouse model 

displayed cardiac dysfunction of the LV and RV, chamber enlargement, and increased fatty 

development within the cardiomyocyte [105].  

The connection between DSP and ACM development has been significantly 

enlightened from the development of two heterozygous Dsp KO mouse models [90, 96]. 
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These two separate models differed in severity and identified disrupted molecular targets, 

but this may be attributed to differences in the genetic background of mice, as well as the 

type of induced stress. Garcia-Gras et al. developed a Dsp haploinsufficient model, where 

homozygous deletion of Dsp lead to high levels of embryonic lethality. This model 

displayed increased chamber dilation, decreased cardiac output, increased fibrotic buildup, 

and increased propensity for both spontaneous and inducible arrhythmias. Ultimately this 

was attributed to the mislocalization of PKG from the ID to the nucleus, which was shown 

to suppress Wnt/β-catenin signaling [90]. This triggered increased protein levels of targets 

related to adipogenic, including PPARγ, CCAAT enhancer–binding protein–α (C/EBP-α), 

as well as upregulation of fibrotic genes including Col1a1, Col1a2, and Col3a1 [90]. 

Overall Wnt/β-catenin signaling in ACM is one of the most well studied pathways that is 

linked to the development of fibro-fatty infiltration. Briefly, nuclear localization of β-

catenin acts as an activator for the transcription factors TCF/LEF, ultimately leading to a 

downstream cascade of gene activation, including cMyc, cyclinD, Axin2, WISP1, etc. Wnt 

activation allows this to occur by sequestering GSK3β and Axin to the cell membrane at 

the Frizzled receptor. A lack of Wnt signaling releases Axin and GSK3β to colocalize to 

the cytosol, where it can form a complex with APC and CK1, ultimately leading to β-

catenin degradation to control gene expression [106]. In a zebrafish Dsp KO model, the 

suppression of this signaling pathway can be alleviated via genetic and pharmacological 

intervention, partially rescuing the phenotype [107]. While loss of β-catenin, or disrupted 

trafficking from the ER to the membrane has been noted in ACM models [106, 108-109], 

PKG plays a strong role as a repressor for this pathway. It acts as an antagonist of β-catenin 
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due to high homology of the structures [5]. Disruption of desmosomal/ID integrity can 

result in PKG translocating to the nucleus, preventing the appropriate β-catenin/TCF 

transcription factor activation [90, 106]. Downstream consequences include the activation 

of genes responsible for fibrosis, adipogenesis, and apoptosis [90, 110]. On the contrary, 

excessive β-catenin signaling has been linked to hypertrophy and ACM like symptoms 

[106, 111], so a physiological balance of this signaling pathway is essential for normal 

cardiac function [106].  

 In the following years, Gomes et al. established a similar Dsp genetic KO, with a 

less severe phenotype. These mice failed to display baseline arrhythmias, but following 

induction were vulnerable to VT [96]. While there was no significant signs of chamber 

dilation or reduced output, increased levels of fibro-fatty accumulation were noted at a later 

age. These mice did display a mild reduction of PKG after 6 months, but Cx43 had reduced 

signal at the ID through immunofluorescence staining, and increased aggregation was 

noted within the cytosol [96]. Multiple studies have connected DSP to Cx43, where disease 

causing DSP variants interfere with EB1 dependent recruitment of Cx43 to the ID [71], 

and loss of DSP expression resulted in enhanced degradation of Cx43 from the ID [72]. 

This can result in leaky hemichannels that can result in arrhythmias as seen in a Pkp2 

inducible KO model [73, 75], and ultimately loss/mislocalization of Cx43 has been 

identified in ACM and other related diseases [76, 78, 112].  
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1.5 Cluster of desmoplakin variants display increased sensitivity to the protease calpain 

 
As stated previously, the N-terminus has a significant mutational ‘hotspot’ for 

ACM variants that is a clear overrepresentation, as 27.2% of disease-causing variants lie 

in this region despite only making up 8.6% of the total gene [85, 113]. These have been 

characterized by multiple groups suggesting potential influences in Cx43 recruitment or 

decrease in structural stability as force is administrated [71, 93, 95]. A recent study by our 

group has identified these variants surround a calpain target site that is buried within the 

SH3 domain at residues 447-451 [76]. Despite these variants being spread out over 100s 

of residues, structurally these residues are in close proximity to each other, with all but two 

pathogenic variants localizing within 15 angstroms of the central region of the SH3 domain 

(residue 448) [76]. An additional group of variants of unknown pathogenicity lie in this 

region within close proximity of the SH3 domain as well (Figure 3C).   

Calpain is a group of ubiquitously expressed calcium-dependent cysteine 

proteinases, which are essential for a variety of functions including normal protein turnover 

[114-116]. In vitro studies showed WT DSP was capable of being degraded via calpain 

[76]. Using in silico analysis through MD simulations, no major protein unfolding occurred 

following introduction of any pathogenic DSP variant. One specific variant, DSP p.R451G, 

was examined in depth because of its localization within the calpain target site, as well as 

it being associated with a large family with clinical signs of ACM and SCD [76]. In silico, 

introduction of the R451G variant resulted in a disruption in the interactions that maintain 

the structural integrity of the calpain target site, ultimately increasing the exposure of this 

cleavage site to the external environment. In vitro, recombinant R451G DSP displays 
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increased degradation following calpain incubation. When all N-terminal variants were 

examined on their influences, 44.4% of the variants displayed decreased molecular stability 

as determined by MD simulations, which correlated with reduced protein stability 

following calpain incubation [76]. While not commonly identified in other ACM cases, 

select variants in PKP-2 have shown loss of protein expression linked to calpain mediated 

degradation [114].  

 Calpain contributes to a significant amount of physiological functions, including 

remodeling of the cytoskeleton for cellular motility and contractility, proteolytic 

modifications in signaling pathways, regulation of the cell cycle and gene expression, and 

involvement in apoptotic pathways [115-116]. There are two major forms of calpain arising 

from separate genes, m-calpain and µ-calpain. While m-calpain and µ-calpain share similar 

size and structure, each sharing 4 essential domains, they differ in the level of calcium 

required for activation (micromolar for µ-calpain, millimolar for m-calpain) [115, 117]. A 

separate gene produces a smaller regulatory subunit shared by both forms of calpain to 

form a heterodimer [115, 118]. While traditionally inactive without the presence of 

calcium, autolysis of calpain occurs once sufficient levels of calcium are present, leading 

to the activation of the proteolytic portion of the protein, however cleavage activity has 

been reported even without this autolysis [115, 117]. Misregulation of calpain, or 

indiscriminate targeting of calpain, has been linked to a variety conditions including 

Alzheimer’s and heart disease [97, 119-120]. Indeed calpain is vital for appropriate 

function and regulation of cardiac sarcomeres [116], so the potential connection to ACM 

[76, 97] or other forms of heart disease are not unexpected. Although linked to a variety of 
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diseases when either not properly regulated, loss of calpain is detrimental to physiological 

function, as its regulation of a variety of enzymes and transcription is essential for cellular 

maturation and health [120].  

Typically, calpain is disbursed in the cytosol with minimal catalytic activity. Upon 

increased levels of calcium, calpain activates, and localizes to the cell membrane/ID, the 

Golgi apparatus and the endoplasmic reticulum [121-122]. Overall, this activation helps 

promote normal cardiac function, but also assists with wound healing and sarcomere 

function [116, 118]. Regulation of calpain is essential for proper physiological function 

and can result in disease formation if not tightly regulated. Calpastatin is a physiological 

inhibitor of calpain, where the subunit of both forms of calpain shares similar homology to 

select portions of calpastatin [115, 123-124]. Calpain expression levels remain relatively 

unchanged within the cell, but regulation of calpastatin expression is essential for the 

maintenance of calpain activity in the cell [125]. Calpastatin normally localizes in the 

cytoplasm at low calcium levels to ensure inhibition of calpain, but transfers into the 

nucleus following prolonged exposure to calcium [125]. Phosphorylation of calpastatin 

through protein kinase A and C (PKA/PKC) has been shown to regulate activity, 

suggesting a variety of mechanisms influences calpastatin ability’s to inhibit calpain [126]. 

Calpain can also be directly regulated through calmodulin-dependent protein kinase II 

(CaMKII) [127-128], suggesting β-adrenergic signaling may play a vital role in the 

maintenance of the calpain-calpastatin activity [127, 129]. Upon interactions with calcium 

and calmodulin, CaMKII autophosphorylates, resulting in activation of the CaMKII. This 

also allows for the interaction between calpain-CaMKII that allowed for translocation to 
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the cell membrane, but was restricted upon the introduction of phospho-restrictive CaMKII 

variant (T287A) [127]. 

While calpain is related to a variety of cardiac disorders, it has essential 

physiological function in a multitude of pathways, making it less than ideal for therapeutic 

targeting [97, 120-121, 130]. Additionally, while there have been physiological benefits 

after injury by reducing calpain activity via CaMKII inhibition [127-128], this controls 

essential pathways including calcium signaling, increased contractility, etc. [129]. This 

important physiological role played by calpain makes it less than suitable for therapeutic 

targeting, but there are still promising approaches to either targeting calpain post-

translational modifications [127], or protecting targets of calpain with small molecule 

approaches [97]. In regards to the N-terminal DSP variants, a ‘protective’ L518Y variant 

was introduced that helps block the calpain target site from the environment. Through 

molecular dynamic stimulations, this L518Y variant was able to interact with the calpain 

target site, and stabilized the interactions that hold this region together among proteins also 

containing a pathogenic variant. Indeed, by introducing the L518Y variant in recombinant 

DSP that also contained pathogenic, calpain sensitive variants, the levels of protein 

degradation via calpain was diminished [97]. While these approaches are promising, 

additional studies are required to determine potential safe approaches and therapeutics that 

can protect DSP without off target effects, or those that might significantly impact the 

physiological role of calpain. 
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1.6 Summary  

 
 Overall, ACM is an extremely dangerous disease, as life threating arrhythmias may 

develop in the absence of a structural phenotype or identifiable risk factors [43-44]. In 

nearly half of probands, SCD is the first clinical manifestation of ACM [131]. The current 

approach to treatments and therapeutics is severely limited, as they generally only mitigate 

the symptoms without preventing disease progression. Typical approaches focus on 

minimizing the risk of ventricular arrhythmias through medications, catheter ablation, or 

implantable defibrillators [132-133], so the need for improved therapeutics is vital. Posing 

even more of a challenge is the incomplete penetrance commonly associated with familial 

ACM [88, 134]. Within our previous study of the familial ACM R451G variant, two 

experienced SCD within a year each other. However, of the 21 records of genotype positive 

individuals, only 15 displayed cardiac symptoms. Symptoms varied greatly between these 

15 phenotype positive individuals, where many patients showed no structural phenotype, 

or variable arrhythmic symptoms [76]. There are additional family members positive with 

the variant that lacked a phenotype within this study that did not have records to share, and 

there was significant variation in the age of onset within patients with a phenotype [76]. 

While significant work was done to determine the DSP R451G variant, as well as 

neighboring variants, were vulnerable to degradation via DSP, the downstream 

consequences remain poorly characterized [76]. Additionally, this variability in phenotype 

from patient to patient suggests external or environmental factors may be playing a major 

role in the onset of symptoms, but the molecular pathways triggered by these stressors also 

remains unsolved. While exercise frequently can trigger arrhythmias that result in SCD, as 
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seen in the R451G family, there are other members that still develop a phenotype despite 

not regularly physically exerting [135-137].   

 These gaps in knowledge for disease development must be solved to better facilitate 

treatments for ACM patients. The need for a suitable model is apparent to understand the 

role between genetics and external stress on disease manifestation and progression. Murine 

models of ACM have been fundamental in enhancing our understanding the role 

desmosomal and other ID proteins play for proper cardiomyocyte health and disease 

progression [73, 75, 90, 96, 138-139]. However, many of these models utilize transgenic, 

overexpression, or KOs of essential genes, circumstances not generally relevant to humans. 

These models are beneficial for understanding molecular pathways and binding partners of 

the target of interest, but are limited in understanding the progression of ACM in relations 

to humans. These models are also not ideal in evaluating the influences of different cardiac 

stressors due to the lack of genetic relevance. To improve the translatable impact of mouse 

to human ACM research, improved mouse models derived from human variants need to be 

developed. Our group has successfully developed one of the first humanize mouse models 

that expresses the endogenous equivalent of the human R451G DSP variant to enlighten 

our understanding of genetic and environmental triggers for ACM. Future studies can 

evaluate potential therapeutic approaches based on the phenotypic progression of the 

model. 

Approximately 50% of the N-terminal variants previously studied showed 

heightened sensitivity to calpain mediated degradation, suggesting multiple families may 

share a similar mechanism of disease onset [76]. Finding potential ways to protect these 
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calpain sensitive variants is ongoing [97], but many additional DSP variants within this 

region have been identified [113]. Many of these DSP variants lie within the mutational 

hotspot, but because of insufficient clinical data, are considered to have unknown or no 

known pathogenicity. Identifying a sensitivity to calpain in these variants may be beneficial 

for proper clinical management of these familial cases, and may contribute to the 

development of therapeutic approaches that can protect DSP.    
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2.1 Abstract 

 
Arrhythmogenic cardiomyopathy (ACM) is an inherited disorder characterized by 

structural and electrical cardiac abnormalities, including myocardial fibro-fatty 

replacement. Its pathological ventricular substrate predisposes subjects to an increased risk 

of sudden cardiac death (SCD). ACM is a notorious cause of SCD in young athletes, and 

exercise has been documented to accelerate its progression. Although the genetic culprits 

are not exclusively limited to the intercalated disc, the majority of ACM-linked variants 

reside within desmosomal genes and are transmitted via Mendelian inheritance patterns; 

however, penetrance is highly variable. Its natural history features an initial “concealed 

phase” that results in patients being vulnerable to malignant arrhythmias prior to the onset 
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of structural changes. Lack of effective therapies that target its pathophysiology renders 

management of patients challenging due to its progressive nature, and has highlighted a 

critical need to improve our understanding of its underlying mechanistic basis. In vitro and 

in vivo studies have begun to unravel the molecular consequences associated with disease 

causing variants, including altered Wnt/β-catenin signaling. Characterization of ACM 

mouse models has facilitated the evaluation of new therapeutic approaches. Improved 

molecular insight into the condition promises to usher in novel forms of therapy that will 

lead to improved care at the clinical bedside. 

Keywords: arrhythmogenic cardiomyopathy; desmosome; genetic diseases; sudden 

cardiac death 

 
 
2.2 Introduction- Arrhythmogenic Cardiomyopathy  

 
Arrhythmogenic cardiomyopathy (ACM) is a rare form of heart disease 

characterized by fibro-fatty replacement of ventricular myocardium [140]. ACM 

prevalence varies considerably by geographic location with a range that extends from 

1:2000 to 1:5000 people worldwide. Italy has one of the highest prevalences of the 

condition, and males are more commonly affected at a ratio of 3:1 [88, 141-142]. Studies 

have shown that ACM is responsible for 3–10% of sudden cardiac deaths (SCD) worldwide 

among individuals less than 40 years of age, with studies in Italy attributing over 20% of 

SCD cases to ACM in young athletes [142-144]. Although the risk of SCD is exacerbated 

by exercise, many malignant arrhythmic ACM events are not exercise related [131, 145]. 
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Average age of onset of the disease is approximately 30 years of age. Disease onset 

prior to adolescence is relatively rare, and most individuals destined to manifest a positive 

phenotype will do so prior to 65 years of age [146]. Electrical abnormalities generally 

precede structural defects, commonly referred to as the “concealed phase” [43-44]. ACM 

families are initially identified via an SCD event in 7–23% of cases [131], with some 

studies estimating SCD as the first clinical manifestation of ACM in 50% of probands [147-

148]. Encompassing cardiomyopathies associated with a high risk of ventricular 

arrhythmias, ACM is a general term that includes multiple subtypes. The most common 

subtype of ACM is arrhythmogenic right ventricular cardiomyopathy (ARVC); however, 

left and biventricular dominant forms of the disease are well documented [88, 149-151], 

including lamin types A/C (LMNA) and phospholamban (PLN) cardiomyopathies [152-

153]. Notably, autopsy reports have suggested that as many as 76% of ACM cases possess 

left ventricular (LV) abnormalities [151, 154]. 

Due to the absence of a single test that can confirm the condition, its diagnosis can 

be challenging. This has necessitated the development of task force criteria in an effort to 

standardize ACM diagnosis. Originally introduced in 1994 and subsequently modified in 

2010, the task force criteria are a composite of clinical, structural, electrocardiographic, 

and genetic features that allow for clinical cases to be categorized as definite, borderline, 

and possible [140]. Following an ACM diagnosis, clinical management most often consists 

of some degree of exercise restriction and β-blockade. Among ACM patients deemed to 

be at significant risk for SCD, insertion of an implantable cardioverter device (ICD) should 

be considered. Among patients that experience ventricular arrhythmias, anti-arrhythmic 
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drug therapy and catheter ablation are relied upon to suppress further episodes and avoid 

painful ICD shocks [132, 155-157]. 

This review focuses on our current knowledge of the genetics underlying ACM and 

the mechanisms leading to disease onset and progression. Current disease models of ACM 

and environmental factors shown to contribute to disease development and progression will 

also be discussed, followed by a review of recent studies examining promising future 

therapeutics. 

 

2.3 Genetics and Animal Models of Arrhythmogenic Cardiomyopathy 

 
An underlying genetic culprit is identified in approximately 30–60% of ACM cases 

[44, 158-159]. Although viewed as a monogenic disorder, 30–40% of ACM cases are 

sporadic, suggesting oligogenic and environmental contributions [44, 158-159]. Notably, 

de novo and somatic mutations are not anticipated to account for significant proportions of 

sporadic cases given findings from a large study involving 209 genotype positive ACM 

probands, in whom only 1.4% had de novo variants [160]. Males are more likely to develop 

ACM and develop a more severe arrhythmogenic phenotype at an early age [146, 159], 

possibly secondary to hormonal differences, as high testosterone levels are linked to more 

severe arrhythmogenic events [161]. The primary mode of transmission of desmosomal 

variants is considered autosomal dominant; however, autosomal recessive forms of ACM 

have been documented, most notably the cardio-cutaneous forms, including Naxos disease 

(JUP) and Carvajal syndrome (DSP) [162]. While autosomal dominant inheritance is the 

primary method of transmission, penetrance is quite variable in patients. Additional 
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undiscovered genetic variants are likely attributed strongly to disease penetrance and the 

formation of genetic subtypes [163]. 

Putative genetic ACM culprits are quite diverse, as highlighted by the presence of 

16 potential disease-causing genes (Table 1). ACM is commonly referred to as a disease 

of the desmosome and, indeed, reports document that 85–90% of all ACM-linked variants 

reside within desmosomal genes [160, 164]. Outside the desmosome, additional ACM-

linked genes encode proteins that are associated with the intercalated disc (ID), including 

α-T-catenin (CTNNA3), desmin (DES), N-cadherin (CDH2), tight junction protein-1 

(TJP1), voltage-gated sodium channel alpha subunit 5 (SCN5A), and transmembrane 

protein 43 (TMEM43) [42, 158, 165]. Although the full array of genetic variants have been 

reported in ACM, the majority are truncating. One report indicated that 83% were 

nonsense, frameshift, or splice site mutations, while 14% were missense variants [88]. 

While the genetic cause, subtype, and incomplete penetrance results in significant variance 

in disease characteristics between individuals, features including fatty infiltration and 

increased prevalence of ventricular arrhythmias are common among ACM cases [163]. 

While the pathophysiology of ACM, particularly for fatty infiltration, is not completely 

understood, alterations to adipogenic pathways including the Wnt/β-catenin signaling and 

the Hippo pathway are commonly reported [111, 166-167]. 

Although identification of an underlying genetic culprit for ACM can be helpful for 

guiding proper clinical diagnosis and treatment, several variables make this challenging. 

Incomplete penetrance is commonly seen among familial cases of ACM. Multiple disease-

causing variants have been identified in ACM, with variants in select genetic subtypes, 
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such as TMEM43-p.S358L, PLN, LMNA, and filamin-C (FLNC), posing additional 

challenges due to association with severe or unique forms of ACM [158, 168-171]. In 

addition, recent reports have suggested desmoplakin (DSP) related myopathies may be 

distinct from other ACM cases [172]. One of the most difficult challenges is determining 

if variants in these ACM-associated genes are disease causing or incidental noise. Within 

the ARVC database, the majority of variants listed (~70%) are classified as unknown or no 

known pathogenesis [113, 173]. Figure 4 shows the localization of known ACM-associated 

proteins within cardiomyocytes. 

 

Figure 4: Schematic of ACM-associated proteins  
Schematic of adjacent cardiomyocytes with key organelles and protein complexes 
labeled in grey bold text. Localization of the ACM-linked proteins provided, written 
in black text. Zoom in of the desmosome provided. *RYR2 and TGFβ3 considered 
borderline ACM genes. **Conflicting results over TMEM43 localization. Figure 
reused from a previous open access publication [45]. 
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2.3.1 Desmosomal Genes 

 
The desmosome is one of three major protein complexes that comprises the cardiac 

ID, where it links desmin between adjacent cardiomyocytes and acts as a cellular anchor 

to maintain cardiac tissue integrity following force generation [5] (Figure 4). The first gene 

linked to ACM was the desmosomal gene junctional plakoglobin (JUP) [174]. 

Desmosomes also play a key role in intracellular signaling and gap junction function [5, 

131]. Associated genes plakophilin-2 (PKP2), DSP, desmoglein-2 (DSG2), desmcolin-2 

(DSC2), and JUP comprise the majority of known ACM-causing variants, which are 

present in nearly 90% of cases with an identified genetic cause [42, 131, 165]. Desmosomal 

variants from the ARVC database are listed in Figure 5. 
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Figure 5: ACM-linked variant distribution among desmosomal genes 
Linear diagram of the 5 desmosomal genes with labeled domains and the distribution of 
pathogenic ACM-variants. Variants of plakophilin-2 and desmoplakin limited to those 
mentioned throughout the review and missense variants among the ARVC database. 
Domain abbreviations: A, arm domain; SR, spectrin repeat; PRD, plakin repeat domain; S, 
signal peptide; PP, propeptide; EC, extracellular cadherin; M, membrane; C, cytoplasmic 
repeat. Figure reused from previous open access publication [45].  
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2.3.1.1 Plakophilin-2  

Genetics: Variants in PKP2 are the most common cause of ACM, accounting for 

32–81% of ACM cases with an identified causative variant [85, 159-160, 164, 175-177]. 

ACM-linked PKP2 variants frequently appear in highly conserved regions of the protein 

when compared to PKP2 variants in control populations [85]. Outside of its central 

structural role, PKP2 has been suggested to have a key role in recruitment of other ID 

proteins and may regulate expression of a variety of cardiac genes such as calcium handling 

genes, including ankyrin-B (ANK2), ryanodine receptor-2 (RYR2), and calsequestrin-2 

[73, 75]. Additionally, PKP2 has been shown to interact with PKC [178] and β-catenin 

[179], both suggested players in fibrosis and adipogenesis. Most disease-causing PKP2 

variants result in expression of a truncated protein secondary to frameshift, nonsense, and 

splice site mutations [173]. Fortunately, PKP2 variant carriers are spared from cardiac–

cutaneous disease because PKP2 is not expressed in stratified epithelium [68]. Generally, 

PKP2 linked ACM cases have a traditional ARVC like phenotype with minimal LV 

involvement, although mild LV dilation and dysfunction has been noted in later stages [73, 

131, 158-159]. Insight into disease development secondary to PKP2 variants is gradually 

emerging. Characterization of a pathogenic variant, Q62K, revealed increased protein 

turnover, along with an inability to initiate desmosome formation [180]. Evaluation of the 

pathogenic variant C796R revealed decreased protein stability, mislocalization to the 

cytoplasm, and disrupted binding with DSP. The mechanism of increased protein turnover 

in this variant, along with additional pathogenic missense/frameshift variants (S615F, 
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K654Q, and C693fsX741), was shown to be via increased calpain protease-mediated 

degradation [114]. 

Animal Models: With the majority of ACM-linked variants within desmosomal 

genes, the majority of ACM animal models have been designed to evaluate alterations in 

these genes. Whole body plakophilin-2 knockout (KO) mice were developed and were 

embryonically lethal at approximately embryonic day 11.5 (E11.5). Cardiac evaluation at 

E10.75 revealed multiple cardiac abnormalities, including atrial thinning, abnormal blood 

distribution, reduced ventricular trabeculation, abnormal ID structure with decreased 

adherens junction (AJ) heterogeneity, and disrupted DSP and DSG2 localization, resulting 

in DSP aggregate formation. Heterozygous (Het) KO mice were born healthy with no 

apparent cardiac phenotype [181]; however, further characterization revealed altered ID 

structure with sporadic or absent desmosomes, along with sodium current dysfunction [74]. 

A cardiac-specific and inducible (tamoxifen) KO mouse model was developed, 

aiming to evaluate the consequences at adult stages. Increased fibrosis, impaired wall 

movement, and dilation were observed in the right and left ventricle at 21 and 28 days post 

injection, respectively, and no animals survived 50 days post-injection [73]. This inducible 

model has a strong ACM phenotype with LV involvement, showing many traits of the 

human phenotype, including a concealed phase with altered connexin-43 (Cx43) and 

RYR2 function [75]. In addition, models with transgenic expression of truncated PKP2 

(S329X, R735X) also result in cardiac remodeling that is exacerbated following exercise 

[182-183]. Truncated PKP2 has shown expression in cardiac tissue, and increased 
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transgenic dose is correlated with increased severity of disease progression. Overall, loss 

of full length PKP2 results in major cardiac defects leading to ACM. 

 

2.3.1.2 Desmoplakin  
 

Genetics: As a member of the plakin family, DSP directly interacts with the 

intermediate filament desmin to link the cytoskeleton to the remainder of the desmosome 

[5, 71]. DSP is essential for recruitment of plakoglobin (PKG) and DSG for proper 

desmosome formation [70] and is involved with trafficking the key gap junction protein 

Cx43 [71]. Loss of DSP leads to decreased Cx43 at the ID, as well as increased Cx43 

degradation caused by increased phosphorylation levels via RAS signaling [71-72], a key 

kinase pathway essential for proper cellular proliferation and differentiation found to be 

improperly regulated in many diseases. This ultimately results in slowed conduction 

velocity that may be a substrate for ventricular arrhythmias (VA) [96]. DSP is ubiquitously 

expressed in desmosomal containing cells, and consequently, pathogenic variants are 

associated with cutaneous/cardiac–cutaneous disorders, including woolly hair disease, 

palmoplantar keratoderma, and Carvajal syndrome. Variants in DSP result in a variety of 

cardiac phenotypes, including left, right, and biventricular dominant ACM and dilated 

cardiomyopathy (DCM), and they are associated with LV dysfunction, heart failure, and 

SCD [86]. 

A variant “hot spot” has been identified in an evolutionary conserved SH3 domain 

surrounded by multiple spectrin repeats in the N-terminal portion of the protein [85, 93]. 

Molecular dynamic simulations show these structures are important for mechano-
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stabilization that prevents rupture upon force generation, shown to be disrupted by multiple 

pathogenic variants. Similar to variants within PKP2, select DSP N-terminal variants 

display increased sensitivity to calpain [76], while others variants show an inability to 

interact with PKG [105]. Outside the N-terminal region, DSP variants are thought to be 

pathogenic through loss of proper homodimerization or disrupted interactions with desmin. 

Animal Models: Whole body KO of DSP also shows embryonic lethality at ~E6–

E6.5 due to defects in desmosome rich extra-embryonic tissues, resulting in a failure of 

egg cylinder formation within the ectoderm [92]. Cardiac specific KO of DSP was analyzed 

via Cre-recombinase expression under an MLC2v promotor (activated ~E9 [184]). Mice 

were born at normal Mendelian ratios, but showed 50% lethality by two months of age. 

Fibro-fatty infiltration was apparent, and through use of lineage labeling, showed adipose 

tissue of both cardiac and non-cardiac origin [185]. Interestingly, although Cx43, Cx40, 

DSC2, DSG2, and PKP2 displayed altered expression or localization, PKG was unaltered 

[185] despite being commonly altered in ACM cases [90, 186]. 

Two additional groups have generated het KO models using a αMHC-Cre system. 

Homozygous KO mice typically experienced embryonic lethality, although some survived 

until approximately two weeks of age with small hearts and unorganized chambers, with 

the presence of adipocyte-like cells. Het KO mice displayed a classic ACM like phenotype 

with altered Wnt/β-catenin signaling, fibro-fatty infiltration, moderate ventricular dilation 

with reduced ejection fraction (EF%), and more frequent ventricular arrhythmias with or 

without exogenous stressors [90]. Years later, Gomes et al. examined a similar 

haploinsufficient model with a similar phenotype, with exception to a lack of functional 
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changes identified via echocardiography [96]. Interestingly, consistent with the mouse 

model, data from human hearts with ACM secondary to pathogenic DSP variants showed 

reduced PKG, NaV1.5, and Cx43 from the ID, and aggregates of Cx43 were also noted. 

Yang et al. established multiple transgenic variant models of DSP, identifying embryonic 

lethality in two variants (V30M, Q90R), and ID remodeling via disrupted desmin 

interactions [105]. 

 

2.3.1.3 Desoglein-2 
 

 Genetics: Two extracellular cadherin-like proteins, DSG2 and DSC2, stabilize the 

desmosome between adjacent cardiomyocytes. Along with PKP2 and DSP, DSG2 variants 

are found in a significant amount of ACM patients [85, 159-160, 164, 175-177]. DSG2 

variants occur in evolutionary conserved residues and cluster at an N-terminal mutational 

“hot spot” containing the first three N-terminal cadherin domains, along with a 

prosequence region [85]. These extracellular cadherin (EC) domains are vital for 

dimerization and mechanically stabilizing desmosomes, which have been shown to be 

disrupted by variants D154E and V392I [187]. Outside of the cadherin repeats, a noncoding 

variant in the 5′ untranslated region (UTR), -317G>A, results in a loss of binding affinity 

with transcription factors. Evaluation of human tissue and ECG recordings revealed a 

borderline ARVC phenotype in patients with this noncoding variant [188]. N-terminal 

variants often prevent proper DSG2 processing before protein maturation [86]. Pathogenic 

variants within the intracellular portion of DSG2 can potentially dissociate interactions 

with PKG [86]. Although the majority of DSG2 variants are autosomal dominant, gene 
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dosage is likely important, as cases of homozygous or multiple disease causing variants 

have been identified, often associated with a more severe phenotype [168, 189-191]. 

Homozygous variant F531C results in biventricular ACM with impaired ID ultra-structures 

[192]. Overall, variants in DSG2 appear to generate a more severe form of ACM with more 

severe ventricular dysfunction, associated with a higher risk of heart failure in comparison 

to PKP2-linked ACM [193]. 

Animal Models: Complete KO of DSG2 has been analyzed by multiple groups. 

Removal of exons 7–8 in previous mouse models resulted in complete embryonic lethality 

[194], while models with a lack of exons 4 and 5 were capable of surviving with increased 

rates of lethality [195]. These mice had low expression levels of a truncated protein capable 

of ID localization. DSG2 KO mice displayed increased ventricular volume, diastolic 

dysfunction, reduced EF%, and fibrotic lesions. ECG traces following norepinephrine 

stimulation resulted in ventricular and atrial arrhythmias [195]. Increased ID heterogeneity 

and decreased desmosome formation was also observed [196]. Chelko et al. treated these 

mice with the glycogen synthase kinase-3β (GSK3β) inhibitor, SB-216763, and reported 

an improved cardiac function, decreased fibrosis, and normalized Cx43/PKG localization 

[197]. Overall, this model has an extreme, although variable, phenotype with many ACM 

features, including fibro-fatty infiltration and ID structural abnormalities. 

A transgenic overexpression (αMHC) model of the ACM linked DSG2 variant 

N271S (N266S in humans) was generated and displayed 30% lethality by 3.6 weeks. A 

severe biventricular phenotype was observed with chamber dilation and reduced systolic 

function at 12 weeks, along with signs of ventricular wall thinning and increased necrosis. 
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Conduction velocity was delayed along with multiple ventricular and atrial arrhythmias by 

six weeks. Fibrosis and calcification were noted as well; however, fatty infiltration was 

never observed [198]. Additional characterization in a later study showed reduced action 

potential (AP) upstroke velocity and sodium current, providing a unique potential 

arrhythmogenic mechanism associated with DSG2 variants [199]. 

 

2.3.1.4 Desocolin-2 
 

Genetics: Although DSC2 structure and function is similar to that of DSG2, 

variants within DSC2 make up a smaller percentage of total ACM cases [85, 159-160, 164, 

175-177]. Like DSG2, multiple ACM linked variants cluster within DSC2′s N-terminus 

prosequence region at the N-terminus of the gene, shown to influence proper protein 

localization to the ID [86, 200-201]. Multiple variants have been reported that impact the 

EC1 and EC2 domains, key for dimerization and stabilizing intramolecular interactions 

between adjacent EC domains [86]. Variants within the EC1 domain potentially destabilize 

DSC2 and its extracellular interactions [200, 202-203]. Multiple variants within EC2 have 

also been reported, including a D350Y variant that alters interactions with calcium, key for 

stabilizing EC3 interactions [86, 191, 204]. Select variants have also been shown to cause 

mislocalization of DSC2 to the cytoplasm (E102K, I345T). In addition, multiple variants 

have been reported to alter binding affinity to PKP2/PKG, including truncated or non-

expressed proteins (L229X, G371fsX378), loss of binding residues (A897fsX900), or 

improper protein maturation via impaired proteolytic processing (R203C, T275M) [205]. 
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Outside of the traditional ARVC phenotype, LV and bi-ventricular dominant forms have 

been reported. 

Animal Models: DSC2 overexpression in mice resulted in enlarged hearts with 

biventricular dysfunction, patchy areas of fibrosis, necrosis, and calcification by nine 

weeks of age, and prolonged QRS/QTc interval [206]. This was linked to extreme 

desmosome dysfunction, partially observed in fibrotic regions. While not representative of 

any known ACM-linked variants, overexpression of DSC2 did generate a rapid ACM-like 

phenotype producing focal regions of disrupted myocardium [206]. A unique Zebrafish 

model was generated based on a splice acceptor mutation (c.631-2AG) resulting in a 

premature stop codon that led to decreased desmosome stability and a traditional ARVC 

phenotype caused DSC2 haploinsufficiency [207]. 

 

2.3.1.5 Plakoglobin 
 

Genetics: Variants in JUP account for the smallest number of ACM cases among 

desmosomal genes. Similar to PKP2, PKG is an armadillo protein that is key for linking 

DSP to DSG2 and DSC2. Despite structural similarities, the binding domains that PKG 

and PKP2 use to interact with DSP are not identical [70, 94], possibly explaining the 

discrepancy in ACM cases between the two armadillo proteins. Additionally known as γ-

catenin, PKG plays a pivotal role in both desmosome and AJ function [5], and protein 

recruitment (i.e., Cx43) [77]. 

Despite the rarity of ACM-associated JUP variants, alterations of PKG expression 

and localization are commonly seen in ACM cases and are believed to influence Wnt/β-
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catenin signaling, where increased nuclear PKG leads to decreased canonical signaling [90, 

166, 186, 208-210]. Due to structural and functional similarities, γ-catenin is capable of 

competing with β-catenin and ultimately results in suppression of canonical Wnt/β-catenin 

signaling [5, 90]. Suppression of canonical Wnt/β-catenin signaling has been shown to 

promote adipogenesis, fibrosis, and apoptosis, and is believed to be one of the major drivers 

of fibro-fatty infiltration in ACM [5]. 

Animal Models: Multiple groups have established mouse models focusing on PKG 

alterations. Ruiz et al. developed a PKG KO mouse model that was lethal around E12–

E16. Desmosomal and ID structural abnormalities, along with DSP mislocalization, were 

seen as early as E8, resulting in reduced contractility and tachycardia at E11.5 [211]. To 

avoid embryonic lethality, an inducible cardiac specific KO (αMHC/MerCreMer) with 

tamoxifen injections at six to eight weeks of age was developed. An ACM-like phenotype 

manifested at five months post injection with regional myocyte loss and fibrosis, along 

with right ventricular (RV) wall thinning, dilation, and increased cardiomyocyte size. 

Despite a lack of an arrhythmogenic phenotype, ID disorganization and increased SCD 

rates were observed as early as three months post injection [111]. 

Li et al. successfully generated a non-lethal KO model using αMHC-Cre system. A 

similar, more rapid overt cardiac phenotype was observed, including dilation, wall 

thinning, and fibrosis without fatty infiltration. This mouse model displayed SCD as early 

as one month, with an average lifespan of 4.6 months. Uniquely, electrical abnormalities 

including ventricular arrhythmias and conduction velocity defects were observed at 
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baseline that were exacerbated after induction [212]. This phenotype was more severe 

when generated in conjunction with a β-catenin KO model [213]. 

The PKG 2157del2 variant, associated with both ARVC and Naxos disease, was 

also studied in murine models [174]. Transgenic overexpression of either (wild type) WT 

or the truncated protein (shown to mislocalize to the cytoplasm and nucleus) resulted in 

decreased LV fractional shortening, diastolic dysfunction, electrical abnormalities, and 

fibro-fatty infiltration, with a more severe phenotype in the truncated model [110, 197]. 

Treatment of PKG 2157del2 mice with the GSK3β inhibitor, SB-216763, resulted in an 

improved cardiac phenotype, as seen in DSG2 KO mice [197]. 

 

2.3.2 Non-Desmosomal Genes 

 
Despite the frequency of variants in desmosomal genes, variants among genes 

outside the desmosome still contribute to a significant portion of ACM cases. Many of 

these additional genes are within the ID or interact with the desmosome; however, 

additional nuclear, sarcoplasmic reticulum (SR), and calcium handling proteins have also 

been implicated. Variants in the UTR region of transforming growth factor 3 (TGF3β) were 

associated with an ACM phenotype in one study [214]; however, minimal studies since 

initial correlation make it unclear if TGF3β is an ACM causing gene. Variants in RYR2 are 

known to be a common cause of catecholaminergic polymorphic ventricular tachycardia 

(CPVT), a primarily electrical cardiac defect [215]. However, structural remodeling and 

ACM cases caused by RYR2 variants have been reported [215-217]. Outside of TGF3β and 

RYR2, multiple non-desmosomal genes have been connected to ACM. 
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2.3.2.1 α-T-Catenin 
 

α-T-catenin is responsible for cellular adhesion within the ID via interactions with 

N-cadherin (N-Cad), PKP2, and β-catenin, and is an uncommon cause of ACM with only 

two reported disease-causing variants at highly conserved residues (V94D and L765del). 

Each variant has been suggested to cause a traditional ARVC-like phenotype with mild LV 

involvement. The V94D variant results in abnormal localization to the cytoplasm, along 

with reduced binding affinity for β-catenin and PKG. In contrast, the L765del variant 

protein has increased homodimerization with either wild type (WT) or variant α-T-catenin, 

resulting in aggresome formation [218], a common defect seen in variants of other non-

desmosomal proteins linked to ACM [152, 219-221]. 

 

2.3.2.2 Desmin 
 

DES is the cytoskeletal intermediate filament that interacts with the desmosome via 

desmoplakin interactions, and is responsible for cellular organization and connections to 

other protein complexes, including the Z disc [219]. Cardiac disease caused by DES 

variants are often reported with skeletal muscle involvement, referred to as desmin-related 

myopathy (DRM) or desminopathy [219, 222-223]. Variants associated with DRM or 

ACM result in altered desmin filament formation and localization, forming aggregates that 

can disrupt mechanical/chemical signaling and protein interactions [101, 219-220, 222, 

224]. Desmin variants have been reported to result in severe right-sided heart failure, and 

biventricular forms of disease have also been observed [219-220, 224-226]. These variants 
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are diverse in their localization within DES, ranging from the head domain (S13F), to 

multiple central rod domains (N116S, N342D). It remains unknown how different variants 

result in separate cardiac disorders, along with how families with a single variant display 

significant phenotypic variability. 

 

2.3.2.3 Lamin A/C 
 

Variants in lamin A/C cause a unique LMNA cardiomyopathy, a subtype of ACM 

with significant LV involvement, and are one of the more common non-desmosomal causes 

of ACM [176, 227]. Lamins are ubiquitously expressed intermediate filament proteins that 

form scaffolding structures around the nuclear periphery, key for gene regulation, genomic 

stability, and nuclear integrity [228]. Multiple diseases have been linked to LMNA due its 

ubiquitous expression, including ACM and DCM (independent or co-segregates with non-

cardiac abnormalities), muscular dystrophy, peripheral neuropathy, and lipodystrophy 

[176, 228]. Many variants commonly occur in conserved residues of the central rod domain 

(R190W, R72C, and G382V) or globular head of the protein (R644C), all of which are 

predicted to impact protein structure from in silico analysis [176], with select variants 

resulting in aggregate formation [152]. LMNA based ACM cases compared to desmosomal 

cases have shown significantly higher instances of bradycardia, a potentially unique feature 

to other forms of ACM [229]. 

 

2.3.2.4 Phospholamban 
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Variants in the non-desmosomal protein PLN makes up a considerable amount of 

ACM cases among non desmosomal genes [164]. Key for proper regulation of cellular 

calcium, PLN acts as the natural inhibitor of sarco/endoplasmic reticulum Ca2+-ATPase 

(SERCA), the SR protein responsible for SR calcium reuptake following contraction [153]. 

Variants in PLN often result in phospholamban cardiomyopathy, a distinct form of 

cardiomyopathy with SERCA2 dysfunction that has an overlap of clinical features of ACM 

and may be considered a form of ACM itself. Generally, PLN-based ACM cases occur at 

an older age, but have more frequent LV involvement and increased risk of heart failure 

[159]. Cardiac phenotypes associated with the common R14del variant show extreme 

variability, including DCM and ACM of biventricular dominance [230]. Further 

characterization of the R14del variant revealed a potential pathogenic mechanism via 

aggresome formation [221]. When combined with WT PLN, this R14del variant results in 

extreme inhibition of SERCA1 [231]. Additional PLN variants have been identified in 

ACM cases [173], but have yet to be characterized in sufficient detail. 

A PLN-p.R14del mouse model was established due to its being a prominent cause 

of cardiomyopathy within the Netherlands [153, 230, 232]. These mice showed a DCM 

like phenotype with ventricular dilation, myocyte disarray, and fibrosis along with 

increased propensity for SCD [231]. Human studies show R14del ACM cases typically 

have an additional variant to drive an ACM phenotype as opposed to DCM, so additional 

variants or stressors may make this a useful unexplored ACM model. 

 

2.3.2.5 Transmembrane Protein 43 
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Reports have established the TMEM43-p.S358L variant as a rare cause of a highly 

penetrant form of ACM. Like LMNA, TMEM43 is associated with the internal nuclear 

membrane and plays a role in nuclear organization and stabilization via interactions with 

lamin and emerin. Controversy concerning TMEM43 function and localization in cardiac 

tissue remains, as reports have suggested expression is absent from the nucleus and instead 

locates to the ID [233]. TMEM43-p.S358L is the only variant associated with ACM, but 

with significant supporting evidence that it alters homodimerization and protein 

interactions [234-235] and results in a severe form of ACM that is frequently biventricular 

and confers a high risk of SCD. Catheter ablation is frequently ineffective at suppressing 

ventricular arrhythmias, and mainstays of therapy are β-blockade, exercise restriction, and 

ICD insertion. Unlike desmosomal forms of ACM, experts have advocated for primary 

prevention ICD insertion based on sex-specific age cutoffs, even in the absence of a 

positive clinical phenotype [235-237]. 

The TMEM43-p.S358L variant results in an extreme ACM phenotype in humans, 

and a cardiac specific (αMHC) mouse model expressing human TMEM43 S358L showed 

a similar severe phenotype [234]. This model displayed extremely high rates of SCD 

starting before 20 weeks, with nearly no survivors by 30 weeks. These mice were treated 

with a GSK3β inhibitor via overexpression of a CnAβ1 splice variant, resulting in 

downstream activation of AKT, leading to phosphorylation and inactivation of GSK3. 

Treatment resulted in extended survival and partially improved cardiac structure and 

function in S358L positive TMEM43 mice [234]. 
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2.3.2.6 Titin 
 

As the largest protein in mammalian cells, titin (TTN) variants are very difficult to 

study, with the majority of variants resulting in TTN truncation. Variants within TTN are 

tightly correlated with DCM, and are also involved with muscular dystrophy, hypertrophic 

cardiomyopathy (HCM), and ACM, with the mechanisms of how variants result in a variety 

of phenotypes remains unknown [238-240]. Although primarily linked to DCM, specific 

genomic backgrounds or additional factors may promote an ACM phenotype to develop 

[238, 241-242]. One study sequenced TTN in eight ACM families and identified seven rare 

TTN variants characterized by classic signs of ACM with LV involvement and fibro-fatty 

infiltration, one of which (T2896I) was evaluated in further detail due to complete 

segregation of the disease with the variant. This variant occurs inside an immunoglobin 

(IG) domain required for generating passive cardiomyocyte tension, unrelated to protein 

interactions [238]. Phenotypically, TTN-ACM cases are less severe compared to 

desmosomal based cases, but more so than ACM cases caused by non-desmosomal variants 

[239]. 

 

2.3.2.7 Filamin C 
 
FLNC is a structural protein responsible for linking the sarcomere to the plasma 

membrane and extracellular matrix in skeletal and cardiac muscle, and is involved in 

maintaining ID integrity [171, 243-244]. Variants in FLNC have been shown to cause 

restrictive cardiomyopathy, DCM, and ACM with predominant LV involvement [171, 245-

246]. A recent study identified two ACM-linked variants in FLNC (59_62DLQRdel, 



53 
 

K2260R), along with multiple null variants following genetic screening of ACM patients 

negative for variants in clinically examined genes. Further evaluation of tissue from SCD 

victims with FLNC null variants revealed reduced protein levels at the ID within the LV, 

but not the RV compared to controls. In addition Cx43 and DSP ID levels were reduced 

[171], potentially disrupting both ID stability and electrical signaling [71-72]. 

Interestingly, minimal changes to PKG and no alteration to GSK3β levels were examined, 

common features in classic ARVC [171]. Additional studies have shown similar unique 

trends in ID protein localization [247], suggesting disease development may be unique in 

FLNC cases compared to others. 

 

2.3.2.8 Voltage-Gated Sodium Channel Alpha Subunit 5 
 

NaV1.5, transcribed via the SCN5A gene, is the primary voltage gated sodium 

channel in cardiomyocytes linked to a variety of arrhythmogenic disorders as well as DCM 

[248-250]. Similar to TTN, variants in SCN5A are more closely linked to DCM, but specific 

genomic backgrounds may promote ACM development [249-251]. Reports have suggested 

that PKP2 and NaV1.5 co-localize to the ID, and that SCN5A loss-of-function variants may 

contribute to a classic ARVC phenotype. A recent novel variant I137M was identified in 

an ACM patient with a variety of ventricular arrhythmias, although mild RV dysfunction 

and dilation were noted as well, which was not unexpected, as variants in ion channels have 

resulted in myocardial structural abnormalities. Additionally, another novel variant 

R1898H resulted in a similar phenotype with an identified decreased in sodium current 

[250]. Finally, a severe splice variant (C3840 + 1G > A) led to a loss of function of the 
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NaV1.5 channel, resulting in a severe electrical dysfunction with mild RV dysfunction. 

Although fibrosis was noted, fatty tissue was not discovered, suggesting this may be a 

unique form of ACM or ACM-like cardiomyopathy [252]. 

 

2.3.2.9 Tight Junction Protein 1/Zonula Occludens 1 
 

Rare variants within TJP1, encoding tight junction protein-1 (TJP1), have recently 

been identified as a potential rare cause of ACM through whole exome sequencing [253]. 

TJP1, also known as ZO1, is a scaffolding protein that has been shown to interact with the 

ID through a variety of proteins, including Cx43, N-Cad, and α-T-catenin. Although an 

intriguing finding, further validation of TJP1 as a genetic culprit of ACM should likely be 

pursued prior to its incorporation of clinical genetic testing panels. 

 

2.3.2.10 N-Cadherin 
 

The extracellular cadherin of the adherens junctions of the ID, N-cadherin, is vital 

for proper ID formation, stability, and protein recruitment to mechanically link 

cardiomyocytes via interactions with multiple catenins. Similar to DSG2 and DSC2, 

variants have been reported within the extracellular domains that are key for protein 

dimerization and cellular adhesion. One variant that causes a traditional ARVC phenotype 

with mild wall thinning and fibro-fatty infiltration, D407N, occurs in a highly conserved 

residue from humans to zebrafish and is predicted to be damaging via in silico analysis 

[254]. The Q229P variant, which strongly segregates within the affected family, was also 
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predicted to be damaging and resulted in a similar phenotype, with the exception of lack of 

fibro-fatty infiltration [255]. 

 

2.3.2.11 Ankyrin-B (ANK2) 
 

A recent study connected ANK2 to ACM. Ankyrin-B is responsible for the 

localization and stabilization of key ion channels, transporters, and ion exchangers to the 

cell membrane and t-tubules, such as the sodium–calcium exchanger (NCX) and sodium–

potassium ATPase. Previously, variants in ANK2 have been linked to a variety of 

arrhythmogenic disorders including ankyrin-B syndrome [256], atrial fibrillation [257], 

and sinus node disease [258]. The AnkB–ACM study evaluated a proband with an 

identified E1458G variant, revealing biventricular dysfunction, sustained VA, and baseline 

bradycardia. Additional families with a genotype-negative ARVC diagnosis were 

revaluated, and an additional M1988T AnkB variant was discovered that segregated within 

a family, although likely benign variants within DSG2 and DSC2 were identified as well. 

This family displayed a similar phenotype to AnkB cardiac specific KO mice, with reduced 

AnkB and NCX expression, along with abnormal Z-line targeting. 

The cardiac specific KO of ankyrin-B in mice exhibited both electrical and 

structural cardiac abnormalities. This mouse model displayed baseline ECG abnormalities 

at baseline (bradycardia, QT prolongation) and developed sustained VA following 

epinephrine stimulation, resulting in multiple cases of sudden death. Although 

adipogenesis was not observed in this model, biventricular dilation with wall thinning, 

biventricular systolic dysfunction, and widespread fibrosis were findings that mirrored 
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those observed in other ACM models. Abnormal heterogeneous expression of β-catenin 

was also observed. GSK3β inhibition, when administered either before or after the presence 

of cardiac dysfunction, resulted in an improved phenotype similar to that of control mice 

[109]. 

 

2.3.3 Additional ACM Models 

 
A unique mouse model of a mutant laminin receptor-1 (LAMR1) resulted in a 

severe ARVC phenotype that was identified by chance. This transgenic model was 

established from a retroposon insertion, resulting in a 13-amino acid mutation, causing 

severe fibrosis and calcification of the RV free wall, which never extended to the LV 

despite equal expression level. Altered gene expression via disrupted histone protein-1 

interactions were observed [259]. Despite the lack of major electrical abnormalities, this 

model may be useful in identifying fundamental differences between the LV and RV, and 

evaluating why select protein variants have a more severe effect on one ventricle over 

another. 

Zebrafish studies do not have the ideal physiological relevance to humans as mice 

do, but are still capable of producing unique ACM models. The previously mentioned 

zebrafish model of the DSC2 variant c.631-2AG was able to reveal not only a reduced 

expression of DSC2, but disrupted desmosome and cardiac structure [207]. Additional 

zebrafish models examining alterations to PKG (2057del2) and DSP knockdown revealed 

multiple ACM phenotypic characteristics, partially restored following SB-216763 

treatment [107, 260]. 
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Canine and feline models of ACM have also been studied, which might be a more 

accurate representation of the human disease. Basso et al. used a boxer dog model to 

examine ventricular arrhythmias using holter monitors, where 23 genetic candidates for 

ARVC were identified. All dogs displayed fatty/fibro-fatty infiltration within the RV, with 

RV dilation and LV lesions seen in about half these animals. Ventricular arrhythmias were 

common among these animals and SCD was reported in nine dogs [261]. Another study 

reexamined feline models with congestive heart failure of RV origin. A traditional ARVC 

phenotype was seen with RV and RA dilation, along with fibrosis, arrhythmic events and/or 

fatty infiltration seen in all cats, some of which affected the LV [262]. Although the genetic 

culprits for ACM in the boxer dog model have not been identified, the similar human like 

phenotype may make evolved mammals more effective for analysis of therapeutic 

approaches. 

Although not as effective at studying organ level cardiac physiology or arrhythmias 

when compared to animal models, cell models have contributed significantly towards 

variant protein analysis and their biochemical properties [263]. Isolation of human-induced 

pluripotent stem cells (iPSCs) allows for quick and efficient analysis of genetic variants by 

differentiation of iPSCs into cardiomyocytes (iPSC-CMs) [263], and this has been utilized 

to form engineered heart tissue [76]. HL-1 atrial cells have been utilized for evaluation of 

the cellular consequences associated with ACM linked variants, as well as evaluating the 

consequences of gene silencing [90, 114, 263]. Desmosome containing cell lines, including 

buccal mucosa cells, have significant value for evaluating structural and adhesive 

consequences associated with desmosomal variants [263]. 
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2.4 Environmental Factors 

 
One of the hallmarks of ACM is incomplete penetrance, even among a family with 

the same genetic variant. Some carriers may be asymptomatic for most of their life, while 

others may experience SCD at a young age, making it clear that in addition to the genetic 

background of these patient, additional environmental factors play a major role in the 

progression of the disease, as seen in a study of two sisters with drastically different 

phenotypes despite having the same PKP2 variant. Studying twins with ACM has shown 

significant diversity in phenotypic development as well [264]. Exercise is understood to be 

a major driver of ACM progression, and patients are advised to restrict any physical activity 

to minimize the risk for VA/SCD, as well as to prevent further cardiac remodeling. 

Additional environmental factors that increase cardiac stress, such as emotions, habitat 

conditions, and pregnancy may also contribute towards phenotypic progression. 

 

2.4.1 Exercise 

 
Depending on the genetic background and current disease progression, treatment and 

therapeutic options may vary significantly between individuals. However, exercise 

restriction is highly recommended for all carriers of an ACM-linked variant, and is 

considered for variant carriers without a phenotype [155]. One study in Italy analyzing 

1642 competitive athletes identified 6% as possessing ARVC. Strikingly, 25% of SCD 

cases among athletes have been deemed secondary to ARVC in Italy [265]. This 
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overrepresentation of SCD, along with the majority of cases occurring during athletic 

activity, strongly suggests exercise is potentially detrimental to ACM/ARVC patients [265-

266]. High cardiac strain has been linked to impaired myocyte cell–cell adhesion, resulting 

in premature cardiomyocyte death that may induce cardiac remodeling [155]. When ARVC 

patients or genotype positive individuals were studied for six years, a significant correlation 

was identified between exercise and both reduced RVEF% and increased rates of SCD 

[267]. Loss of cellular adhesion is a popular mechanism studied in many models of ACM 

[268], with multiple cell models showing reduced cell–cell adhesion following 

overexpression or reduction of desmosomal proteins [269-270]. Desmosomal dysfunction 

may be enhanced via volume overload and mechanical stress, providing additional 

evidence connecting ACM disease progression and vigorous exercise [142]. 

One study focused on exercise changes on ACM phenotype progression in patients 

with desmosomal variants. Of 87 studied individuals, endurance athletes were more likely 

to meet task force criteria (TFC) for ARVC diagnosis, and were more likely to develop 

ventricular tachycardia (VT) and ventricular flutter (VF), along with heart failure. 

Interestingly, only endurance athletes developed heart failure. These athletes were 

categorized by hours exercised per year, and those who exercised the most have the highest 

risk compared to more casual athletes. In fact, those who reduced exercise (≤515 h/yr.) 

showed improved survival following an initial sustained VT/VF event [271]. Finocchiaro 

et al. examined over 400 cases of SCD among athletes, including 48 cases of ACM. The 

majority (61%) of SCD cases occurred during exertion, including 91% of those diagnosed 
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with ARVC. Interestingly, LV involvement was a common feature among ARVC athletes, 

with 35% of cases showing LV fibro-fatty infiltration and 85% with LV fibrosis [272]. 

Two ACM mouse models described previously, a PKG heterozygous KO [273] and 

truncated PKP2 (R735X) overexpression model [182], both underwent swim training to 

accelerate disease progression. Trained mice displayed an increased incidence of 

spontaneous VT at an earlier age than untrained mice and developed a more severe ACM 

phenotype [273]. Factors affecting oxygen availability and air quality, such as high 

elevation, high levels of pollution, or being underwater may enhance cardiac stress during 

exercise. In addition, extreme temperatures or high humidity can lead to increased 

workload of the myocardium compared to normal conditions while exercising [274]. 

Among non-athletes, sudden death occurs less frequently during exercise or 

exertion. Over 75% of cases of death resulted during daily activities at “rest”, including at 

home, work, or walking on the street, with only about 3.5% occurred during some sort of 

sport or exercise. The remaining percentage died during unique events not considered a 

normal daily activity, including surgery or car accidents, or childbirth [136]. Further 

complexity is added to the role of exercise among ACM development in genotype negative 

individuals, or those without a variant in a known ACM-associated gene. La Gerche et al. 

observed that athletes without genetic variants still developed an ACM phenotype with 

ventricular arrhythmias and systolic dysfunction. However, athletes without an identified 

mutation were less likely to develop severe RV dysfunction (33% to 3%) when compared 

to those with a mutation. Interestingly, no fibro-fatty infiltration was noted [137], further 

indicating a separate phenotype among those without a mutation. While it has been 
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proposed that a separate exercise-induced RV cardiomyopathy may explain an ACM like 

phenotype with select differences, studies have challenged this, suggesting the phenotype 

is identical between the two groups [164]. 

 

2.4.2 Additional Factors 

 
Beyond exercise, additional external factors are proposed to be potential drivers for 

either arrhythmias or disease progression through additional cardiac stress. Multiple 

emotional triggers, including anger and stress, may increase sympathetic drive via β-

adrenergic signaling, causing increased oxygen demand to maintain increased myocardial 

contractility and heart rate [274-275]. Therefore, competitive sports, even those among low 

cardiac stress, could be a stimulus for arrhythmias and SCD. Indeed, analysis of SCD 

among athletes identified two individuals who experienced lethal arrhythmias while 

playing golf [272], categorized under the least cardiac strenuous section of exercise [274]. 

Multiple arrhythmogenic conditions have been previously associated with increased 

prevalence of arrhythmias following emotional distress, including atrial fibrillation, CPVT, 

and long QT syndrome. Among non-athletes with ACM, stressful situations including 

minor car accidents, falls without apparent injuries, car theft, or child birth have all been 

stimuli resulting in SCD (~20% of deaths among non-athlete ACM patients). 

 

2.5 Clinical Management of Arrhythmogenic Cardiomyopathy  
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Although ARVC is most commonly an autosomal dominant, genetically inherited 

disease, only up to 50% of patients have an identifiable desmosomal variant, leaving the 

cause of remaining ACM cases due to less common or unknown variants [276]. ARVC 

should not be considered a monogenic disease, but rather an oligogenic or polygenic 

disease. Many ARVC associated alleles have low pathogenicity, and a family member 

harboring just one variant might not display the ARVC phenotype [277]. Xu et al. found 

digenic and compound heterozygous variants to compile a significant portion of ARVC 

probands [191], which emphasizes the potential role of the gene dosing effect of ARVC 

penetrance [277]. Further, incomplete penetrance creates variation in the severity of 

symptoms across a family, potentially complicating recognition of familial disease, 

particularly if thorough cascade screening is not performed [278]. Unfortunately, diagnosis 

of ACM remains challenging, resulting in SCD as the first symptom of the disease in some 

cases [279]. In 2010, updated task force criteria gave clinicians further guidance to 

diagnose the disease with testing modalities including 2D echocardiogram, cardiac 

magnetic resonance (CMR), and ECG measurements [140]. 

The most concerning clinical symptom that clinicians screen for is effort-induced 

syncope. Other common clinical findings upon testing include T-wave inversion in leads 

V1–V4 of the ECG, ventricular arrhythmias, such as isolated premature ventricular 

contractions and non-sustained ventricular tachycardia on Holter monitoring, and right 

ventricular dilation on imaging studies [278]. 

Although specific International Task Force guidelines are in place for proper 

ARVC diagnosis, limitations still exist. Over-diagnosis from genetic screening, 
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misinterpretation of ECG and echocardiogram recordings, and underutilization of CMR 

can all lead to misdiagnosis, especially considering the symptom overlap with other 

cardiomyopathies [280]. Since publication of the updated task force guidelines, more 

advanced imaging techniques have become more prominent in diagnosis. With 3D 

echocardiogram, accurate measurements of RV volume and RVEF% can be made, 

providing a useful tool for RV systolic function quantification. Further, CMR with late 

gadolinium enhancement can help with ACM diagnosis when only the left ventricle is 

involved. CMR ultimately provides the best measurement for RV wall abnormalities, RV 

volumes, and RV-EF. CMR abnormalities alone are unusual unless the ACM variant 

resides in the left ventricle alone [281]. 

Depending on the severity of symptoms, among individuals that have a positive 

clinical phenotype, management usually starts with restriction of physical exercise and β-

blockade [271]. ICD insertion is recommended for patients deemed at significant risk for 

SCD following appropriate risk stratification. Additional pharmacological intervention 

with anti-arrhythmic drugs may also be advised to minimize the incidence of sustained 

VAs, which can result in painful and distressing ICD shocks [282]. Similarly, catheter 

ablation can also be used to suppress VAs, and a combined endocardial–epicardial 

approach is often necessary, given that the disease originates in the epicardium and 

migrates inwards. Heart transplant is the last option and may be required for refractory 

ventricular arrhythmias or heart failure [278, 283]. With the wide range of ACM symptoms 

and therapeutic options, treatment is best individualized through risk stratification tools 

and expert clinical care. 
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2.5.1 Risk Stratification for SCD and Implantable Cardioverter–Defibrillator (ICD) 
Placement 

 
Prior to the initiation of treatment strategies for ACM patients, particularly ICD 

insertion, effective risk stratification is crucial. Clearly, the most concerning consequence 

of ACM is SCD. The best prevention method for known SCD risk is an ICD, so predictions 

for risk of SCD are essential in targeting patients that require ICD treatment [282]. 

Identifiable variables for proper risk stratification include sex, age, cardiac syncope events 

in the prior six months, frequency of non-sustained VT, frequency of premature ventricular 

contractions (PVCs) within 24 h, number of leads with T-wave inversions, and RVEF%. 

A recently developed risk calculator showed particular promise by providing VA risk 

projections across 528 definite ARVC patients with no history of sustained VA, which 

decreased inappropriate ICD implantation compared to the 2015 task force model. This 

updated model is currently awaiting additional validation with external, more diverse 

cohorts [284]. The more common model, the 2015 International Task Force Consensus 

Statement Risk Stratification Algorithm of ICD placement, uses similar variables and 

places patients into class indications based on risk factors. Class 1 patients have the greatest 

risk, and placement in this class requires prior VT or VF, severe RV dysfunction, or severe 

LV dysfunction. The greater the symptom, the higher the class indication for a patient. This 

model has been shown to work well clinically, but class 1 and class 2a patients had 

indistinguishable ventricular fibrillation/flutter events, and the model is limited in its ability 

to help in primary prevention [285]. As more information surfaces about left ventricular 
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involvement in ACM, the ability of CMR to identify left ventricular subtypes may be 

critical in future risk stratification models. A 2019 publication by Miles and colleagues 

found that the vast majority of SCD cases in ACM patients had left ventricular involvement 

[150]. Beyond risk assessment from clinical phenotype, certain genotypes are also 

associated with an increased risk of future major arrhythmic events. ACM subtypes 

associated with PLN, LMNA, FLNC, TMEM43-pS358L, and DSP have unique features 

that have separate reported guidelines/suggestions for treatment options [172, 280, 282, 

286]. While the 2010 guidelines for ARVC diagnosis have been an improvement, they fail 

to properly evaluate the genetic background of the disease and account for ACM subtypes 

outside of ARVC, including left dominant forms [280]. Regardless of risk assessment, 

exercise restriction is a precautionary measure every ACM patient should take. Should an 

ACM patient be asymptomatic under proper therapy, noncompetitive and low strain 

activities are acceptable. Unfortunately, exercise restriction is not sufficient in isolation, as 

made evident by a study by Wang and colleagues, which showed 58% of athletes still 

experienced VA after severe reduction in exercise (>80%) [287]. 

Patients with high risk for SCD from risk stratification should swiftly receive ICD 

therapy, or if antiarrhythmic drugs and lifestyle changes fail to manage ARVC symptoms. 

In 2003, Corrado and colleagues evaluated the impact of ICD implantation on SCD 

prevention in 132 ARVC patients. About 48% of patients who received appropriate ICD 

intervention did not experience episodes of VT [288]. Males were shown to have a much 

higher survival rate (95% vs. 65% five-year survival rate) than controls when ICD was 

used as a primary therapy for cardiomyopathy management, but this same trend did not 
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translate as strongly to females (97% vs. 85% five-year survival rate) [289]. Unfortunately, 

inappropriate ICD shocks can be discharged by sinus tachycardia or atrial tachycardia, 

which adds morbidity to the patient and poses a risk to cardiac health. Proper ICD 

intervention, however, can be further controlled with other therapeutic options like drug 

therapy or ablation [155]. 

 

2.5.2 Anti-Arrhythmic Medications 

 
Antiarrhythmic medications represent a critical therapeutic approach for ARVC 

patients. After insertion of an ICD, many ARVC patients continue to require anti-

arrhythmic medications to reduce the frequency of ICD shocks. Marcus et al. showed that 

amiodarone significantly decreased the risk of clinically relevant VA (ICD shock or 

sustained VT) in ARVC patients undergoing ICD therapy [157]. In another study, a 

combination of flecainide with sotalol/metoprolol was shown to terminate arrhythmias in 

six of eight patients with diverse ARVC symptoms and variants. Overall, flecainide with 

sotalol/metoprolol could be a combination therapy for patients refractory to a single-agent 

therapy or ablation [290], but larger studies are urgently needed. Importantly, a CAST 

(cardiac arrhythmia suppression trial) study showed higher incidence of death due to 

arrhythmia and shock in patients who previously suffered myocardial infarction and took 

flecainide compared to the placebo group, suggesting patients with ventricular scaring 

should avoid flecainide [291]. A randomized drug study with flecainide and ARVC patients 

is currently underway (Pilot Randomized Trial With Flecainide in ARVC Patients, 

NCT03685149, currently ongoing) to provide more insight into the efficacy of flecainide 
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[292]. Overall, there are no published randomized trials of ARVC patients using various 

anti-arrhythmic drugs, so drug therapy is often left to the clinician’s discretion based on 

personal history. Importantly, there is no clear consensus on the best anti-arrhythmic drug; 

therefore, it likely depends on the individual patient. 

 

2.5.3 Catheter Ablation 

 
Catheter ablation is frequently used as a tertiary treatment option for ARVC 

patients after pharmaceutical intervention and ICDs. Anti-arrhythmic drugs are initially 

considered to reduce the frequency of VA to prevent painful ICD discharges. However, 

ablation procedures can often more effectively reduce the risk of recurrent arrhythmias. 

Although ablation procedures are considered palliative rather than curative, combined 

endocardial–epicardial ablation procedures have been shown to be remarkably effective 

[278]. Mahida and colleagues compared the effectiveness of anti-arrhythmic drugs (AAD) 

and beta blockers (BB) to VT ablation in ARVC patients with a minimum of three VT 

episodes. A single ablation procedure (both epicardial/endocardial and endocardial only) 

left 35% of patients free of VT for three years, while 28% of AAD/BB patients were VT 

free after three years, forcing many patients to require subsequent ablations. However, 

following a total of 75 patients after the last ablation, 71% of endocardial/epicardial 

ablation patients were VT-free after three years compared to 47% of patients who 

underwent endocardial ablation only [293]. Another study with an average follow-up of 

over four years reported a cumulative VT-free survival rate of 71% across 62 ARVC 

patients after endocardial only or epicardial/endocardial ablations, which again displayed 
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the heightened success rate afforded by epicardial ablation [294]. In contrast, Christiansen 

and colleagues found that although ablation procedures decreased the burden of VA in 

ARVC patients, recurrence of arrhythmias was evident in 74% of cases just five years after 

the first ablation procedure [295]. The low percentage of patients that underwent epicardial 

ablation procedures (16%) may have contributed to the high recurrence rate, which again 

highlights the importance of epicardial ablation when necessary. Although not completely 

exempt from surgical complications or need for multiple procedures, catheter ablation 

remains a good therapeutic option after ICD and anti-arrhythmic drug treatment if 

ventricular arrhythmias still endure. 

 

2.5.4 Sympathectomy 

 
The autonomic nervous system has long been known to modulate heart rate and 

cardiac output via the sympathetic and parasympathetic nervous systems via innervation 

from the right/left stellate ganglia and medulla to the heart, respectively. Reducing 

sympathetic output via neuraxial modulation by left cardiac sympathetic denervation 

(CSD) (surgical dissection and resection of the stellate ganglion) protected against various 

refractory VA in five of nine patients with structural heart disease when all other therapies 

failed [296]. Preliminary ARVC-specific studies suggest bilateral CSD could be a valuable 

tool when anti-arrhythmic drugs, in combination with ICD and catheter ablation, fail to 

stop recurrent VT [297-298]. Although larger ARVC patient sample groups should be 

studied, ARVC CSD data agrees with more general studies showing the ability of bilateral 

CSD to decrease recurrent VT (and therefore ICD shock intervention) in patients with 
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structural heart disease, particularly when drug therapy and epicardial/endocardial ablation 

have failed to treat the arrhythmias [299-302]. 

 

2.5.5 Heart Transplant 

 
Heart transplant remains the last option for ARVC therapy. If refractory ventricular 

arrhythmias remain after exploring all other therapeutic options, or if the disease has 

progressed to left or right ventricular heart failure, or more rarely, diffuse biventricular 

heart failure, heart transplant is required [283]. Overall, survival rates in ARVC patients 

who received heart transplants are better compared to patients with other cardiomyopathies 

such as restrictive, ischemic, dilated, and hypertrophic over a follow up period of 10 years. 

Although severe heart failure in ARVC is rare, carriers for a PKP2 variant alongside a 

second ARVC variant were the most likely to suffer severe RV dysfunction and require 

heart transplant. 

 

2.6 Future Implications  

 
Successful management of ACM must address the three major components of the 

disease: myocardial damage (fibrosis and myocyte apoptosis), electrophysiological 

abnormalities (action potential remodeling and ventricular arrhythmias), and inflammation 

[303]. Garcia-Gras et al. previously identified that loss of desmoplakin resulted in a 

reduction of Wnt/β-catenin signaling [90]. SB-216763 was initially discovered to inhibit 

GSK-3β, therefore activating glycogen synthesis and expression of β-catenin [304]. 
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Further, SB-216763 successfully rescued the ACM phenotype in a zebrafish model for 

ACM, which expressed a human 2057del2 variant in the plakoglobin (PKG) encoding 

gene. Interestingly, SB-216763 was also able to rescue and restore the reduction in INa and 

IK1 in the zebrafish model of ACM [260]. A second zebrafish model, deficient in 

desmoplakin by knockdown of dspa and dspb genes, was also rescued via pharmacological 

treatment with SB-216763 [107]. Even in rare forms of ACM (a rare ANK2 variant), Wnt/β-

catenin activation therapy prevented and partially reversed the development of the ACM 

phenotype in an AnkB cKO murine model [109]. The ability of Wnt/β-catenin pathway 

activation to rescue various forms of ACM from different gene variants suggests that the 

Wnt/β-catenin may be a common underlying pathway disrupted in ACM development. 

Future studies should explore other GSK-3β inhibitors as potential therapies for ACM to 

gain further insight into the specific mechanism of protection provided by GSK-3β 

inhibition, allowing these drug trials to move to clinical trials. 

Gene therapy can allow for the mutant gene to be replaced, or potentially even 

repaired, and has been explored as a potential treatment for genetic muscular dystrophies 

and associated cardiomyopathies [305]. Although few studies have explored gene therapy 

for ARVC, gene therapy has been shown to delay onset of familial HCM if treatment begins 

shortly after birth in a transgenic mouse line. HCM is an autosomal dominant genetic 

disorder, like many forms of ACM, and is linked specifically to variants in the sarcomeric 

proteins, causing SCD in young adults [306]. In preliminary gene therapy research for 

ACM, the loss of cardiac Wnt signaling due to DSP deficiency was restored by genetic 

manipulation of DSP expression in a ACM type 8 zebrafish model [107], giving hope that 
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future genetic intervention could reverse the ACM phenotype in well documented variants. 

While gene therapy shows great promise, the use of gene silencing may be problematic for 

many ACM cases, as many ACM associated genes, including desmosomal genes, do not 

show tolerance for haploinsufficiency [73-74, 92, 171]. 

In summary, ACM is an inherited disease that results from fibro-fatty remodeling of 

the myocardium and subsequently predisposes subjects to life-threatening ventricular 

arrhythmias. The complexity of this cardiac disorder is partially attributed to the diversity 

of genetic abnormalities. At the moment, there is no widely-available therapeutic option 

that targets the patho-physiologic course of the disease; rather, clinical management of 

ACM patients is restricted to the treatment of symptoms. Understanding the role of genetics 

and environmental factors that contribute to disease progression and its underlying 

pathophysiological mechanisms is crucial to developing new treatment strategies for this 

complex, life threatening disorder. 
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3.1 Abstract 

 
Arrhythmogenic cardiomyopathy (ACM) is an inherited disorder characterized by 

fibro-fatty infiltration with an increased propensity for ventricular arrhythmias and sudden 

death. Genetic variants in desmosomal genes are associated with ACM. However, 

incomplete penetrance is a common feature in ACM families, particularly those affected 

by missense variants. This complicates the understanding of how external stressors 

contribute towards disease development, as well as understanding the molecular pathways 

responsible for ultimate phenotypes. To better understand the pathways underlying 

incomplete penetrance associated with specific DSP variants, we developed one of the first 

mouse models of ACM that recapitulates a human variant by introducing the murine 

equivalent of the human R451G variant into endogenous desmoplakin (DspR451G/+). The 

desmoplakin (DSP) variant (p.R451G) is linked with post-translational degradation due to 

increased sensitivity to the protease calpain. Mice homozygous for this variant displayed 

embryonic lethality. While DspR451G/+ mice were viable with reduced expression of DSP, 

no presentable arrhythmogenic or structural phenotypes were identified at baseline. 

However, increased afterload resulted in reduced cardiac performance, increased chamber 

dilation, and accelerated progression to heart failure. In addition, following 

mailto:Sara.Koenig@osumc.edu
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catecholaminergic challenge, DspR451G/+ mice displayed frequent and prolonged arrhythmic 

events. Finally, aberrant localization of connexin-43 was noted in the DspR451G/+ mice. In 

summary, cardiovascular stress is a key trigger for unmasking both electrical and structural 

phenotypes in an ACM model.  

 

3.2 Introduction 

 
Arrhythmogenic cardiomyopathy (ACM) is characterized by fibro-fatty 

replacement of ventricular myocardium and increased propensity to fatal arrhythmias [140, 

307]. In an early pre-symptomatic “concealed phase”, structural hallmarks of ACM are 

unidentifiable, yet the risk for life threating ventricular arrhythmias and sudden cardiac 

death (SCD) is apparent, with up to 50% of index cases experiencing SCD as the first 

clinical manifestation [43-44, 147]. Incomplete penetrance further complicates the disease 

progression, as individuals with the same disease-causing variant may experience 

significant differences in disease symptoms and severity [142].  

 Despite the large variance in genetic causes and environmental factors, the 

majority of ACM cases with a disease-causing variant (~85-90%) are linked to variants in 

desmosomal genes [160, 164, 268]. Desmoplakin (DSP) has an N-terminal mutational 

‘hotspot’ for ACM variants [85]. Indeed, previous work identified select variants in this 

region have sensitivity to calpain-mediated degradation [76]. We further focused our work 

on one calpain-sensitive DSP variant (p.R451G) and using induced pluripotent stem cells 

(iPSCs) from ACM patients within a single kindred, identified reduced post-translational 

expression of the full length protein [76]. While this was important in identifying how 
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multiple DSP variants share a specific mechanism of pathogenicity, a major limitation of 

these models is understanding phenotypic progression. Furthermore, incomplete 

penetrance is frequently observed in ACM families, and multiple carriers of the R451G 

variant fail to display any ACM phenotype. 

Nearly every ACM animal model relies on a knock-out or transgenic knock-in 

system [75, 90, 96, 105, 138, 212, 308], with most models failing to explain phenotypic 

discrepancies between individuals carrying the same variant. Here, we report the 

generation of one of the first ACM disease models endogenously expressing the human 

equivalent of a point variant in DSP using CRISPR/Cas9 gene editing. DspR451G/+ mice 

displayed decreased full length DSP protein level with no differences at the transcript level. 

Attempted generation of a homozygous variant model (DspR451G/R451G) led to the discovery 

of embryonic lethality prior to E10, supporting severe detrimental effects associated with 

the variant. DspR451G/+ mice displayed no changes in cardiac structure or function 

throughout adulthood in the absence of stress. Additionally, DspR451G/+ mice did not show 

baseline arrhythmias or other electrical abnormalities at baseline. However, DspR451G/+ 

mice progressed to heart failure at an earlier timepoint following pressure overload with 

increased chamber dilation and reduced fractional shortening. Moreover, DspR451G/+ mice 

displayed increased prevalence and severity of prolonged arrhythmias following 

catecholaminergic challenge. At the molecular level, altered localization of connexin-43 

(Cx43) was noted in DspR451G/+ hearts. These findings highlight the role of cardiac stress 

in ACM disease phenotypes and severity.  

 



76 
 

 

3.3 Materials and Methods 

Animal studies: The R464G (murine equivalent of human R451G) variant was introduced 

into endogenous DSP (whole body) in a C57BL/6J background using a CRISPR/Cas9 

system guided by single-stranded oligodeoxynucleotides. The incorporation of this variant 

introduced a restriction enzyme site for BstNI. Sanger sequencing was used to identify 

founders capable of starting the R451G. All experimental mice were backcrossed into a 

pure C57BL/6 background and wildtype littermates were used as controls throughout the 

manuscript. Genotypes were confirmed using PCR with restriction enzyme digest and 

Sanger sequencing. Age-matched male and female mice were used throughout the studies 

to analyze potential sex-based differences (not observed in this study, so male and female 

findings were combined). Adult mice were studied between the ages of 12-16 weeks of 

age, with older mice characterized at 22-28 weeks of age. All animal experiments were 

conducted in accordance with the Ohio State University Institutional Animal Care and Use 

Committee guidelines.  

 
Embryo isolations: DspR451G/+ X DspR451G/+ crosses we set up for <16 hour to identify the 

timepoint of DspR451G/R451G embryonic lethality. Females were examined for a vaginal plug, 

and males were immediately removed from the breeding cage. Female mice were aged for 

appropriate embryonic stage development prior to isolation (E4, E6, E8, E9.5, E11.5, E13, 

and E16). Embryos were isolated, separated from the placenta, and imaged to identify any 

abnormalities. Tissue samples/yolk sacs were digested and sent for sequencing to verify 

genotypes.  
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Transverse aortic constriction (TAC) surgeries: All mice used for surgery were aged 

between 12-15 weeks, weighing between 22-25g. Surgeries were conducted as previously 

described [309]. The surgeon was blinded to genotype. TAC mice had baseline 

measurements recorded within 48 hours of surgery. Measurements were recorded at two, 

four, six, eight, ten, and twelve weeks post-surgery. 

Telemetry Surgeries: Telemetry implantation procedures were performed as described 

[309].  

Echocardiography: All mice were anesthetized using 2.0% isoflurane in 95% O2 and 5% 

CO2 at ~0.8 L/min. Oxygen administration was continued with ~1% isoflurane throughout 

the recording process. Following hair removal, recordings were collected of the left 

ventricle (LV) in a long axis view, with contractile parameters and chamber dimensions 

being recorded using M-mode function in the short axis view. Parameters analyzed in short 

axis M-mode include: left ventricular internal diameter at systole and diastole (LVIDs/d), 

interventricular septal end systole and diastole (IVSs/d), end systolic volume (ESV), end 

diastolic volume (EDV), left ventricular posterior wall end systole and diastole (LVPWs/d) 

ejection fraction (EF%), fractional shortening (FS%), and heart rate (HR-BPM). Heart rate 

was monitored throughout imaging and any recordings associated with a heart rate <400 

bpm were excluded. 

Electrocardiograms: Telemeter ECG recordings were conducted using Ponemah 

acquisition software ten minutes prior, and 30 minutes after 2mg/kg intraperitoneal 

epinephrine injections. All ECG files were analyzed using LabChart (8) software. Intervals 

analyzed include RR interval, PR interval, P duration, QRS interval, QT/QTc interval 
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(Mitchell et al. normalization [310]), Tpeak-Tend interval, and heart rate. Surface ECG 

analysis was only conducted on mice post-TAC surgery, with ten minute recordings being 

conducted at baseline, four, eight, and twelve weeks post-surgery. Arrhythmic events 

analyzed include premature ventricular contractions (PVC), atrioventricular (AV) block, 

non-sustained ventricular tachycardia (NSVT- minimum of 3 consecutive PVC events 

lasting <1 second [311]), ventricular tachycardia (VT, >1 second event), and bigeminy 

(regular sinus beat followed by PVC, at least 3 consecutive occurrences [312]). 

Immunoblotting: All murine hearts were washed in cold PBS to remove blood, and 

immediately placed in either chilled 1% SDS-1% BME lysis buffer with protease inhibitor 

(PI) for standard protein isolation, or PhosphoSafe extraction reagent (Millipore-71296) 

with PI for evaluating phosphorylated targets (pCx43). Samples were homogenized using 

bead homogenization (Precellys 24, Bertin technologies). Following protein quantification, 

40ug of protein was used to prepare each sample. Samples were electrophoresed on either 

a NuPAGE 3-8% Tris-Acetate gel for >250kD proteins (DSP), or Blot 4-12% Bis-Tris Plus 

gel for <250kD proteins. Membranes were blocked in 5% NFDM or Casein (Thermo 

Scientific) for one hour, depending on the protein of interest. Following blocking, 

membranes were incubated with a primary antibody overnight at 4ºC and then incubated 

with secondary antibody for two hours at room temperature. Densitometry was performed 

using Image J software. 

Immunofluorescence:  Whole hearts were isolated from either 16-18 week old 

(Plakoglobin and Connexin-43 staining), or 26-28 week old (DSP staining) DspR451G/+ mice 

and control littermates. All hearts were submerged in OCT, oriented for four chamber view 
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sectioning, and frozen using liquid nitrogen vapors. Hearts were sectioned at The Ohio 

State University’s murine pathology core laboratory. Adult ventricular cardiomyocytes 

were prepared as previously described [313-314]. Isolated cells were fixed and stored in 

70% EtOH at -20ºC. Both isolated cardiomyocytes and cryosections were blocked for two 

hours in fish blocking solution (3% fish gel, 0.75% Triton X100 [10%], and 1% DMSO), 

followed by overnight incubation in primary antibody at 4ºC. Samples were washed the 

following day and incubated in secondary antibody at room temperature for two hours. For 

negative controls, replicate sections/cells were only incubated with secondary antibodies 

for two hours. Sections and isolated cells were covered with Vectashield imaging medium 

with DAPI (Vector Laboratories), and coverslips were applied and sealed. Images were 

obtained using a confocal microscope (510 Meta, Carl Zeiss, Inc.) Images were collected 

using identical confocal protocols settings at room temperature, and the observer was 

blinded to the genotype.  

Transcript analysis: Total RNA was isolated from 12-16 week old hearts. Hearts were 

immediately placed in Trizol and bead homogenized at 4ºC. RNA concentrations and 

purity were analyzed using a Nanodrop (ND1000). Purified mRNA (2µg) underwent 

reverse transcription using the SuperScript IV VILO Master Mix with ezDNAase enzyme 

protocol. qPCR was performed on cDNA examining Dsp levels, using Hrpt as a 

comparable control.  

Tissue histology and staining: Whole hearts were isolated from 24-28 week old 

DspR451G/+ and control littermates, as well at end timepoints of ~16 week old mice following 

telemetry surgery and recordings. Hearts were rinsed in cold PBS, rocked in Krebs–
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Henseleit solution for 30 minutes, fixed in 10% formalin overnight, and moved into 70% 

EtOH until paraffin embedding. Heart sections at 5µm thickness were obtained for four 

chamber views. Heart processing, sectioning, and H&E staining were performed at the 

Ohio State University’s Wexner Medical Center human pathology/histology core. 

Trichrome staining was performed on sections using a Masson’s Trichrome 2000 Stain Kit 

(KTMTR2) by American Mastertech Scientific. Fibrosis analysis of trichrome images was 

modified from Gratz et al. as previously described [315].   

Antibodies: A list of all primary and secondary antibodies used are provided below:  

Antibody Target Manufacturer Reference Host Class Application Concentration 
Desmoplakin Abcam ab16434 Mouse Monoclonal IB/IF 1:500/1:100 
Desmoplakin Abcam ab71690 Rabbit Polycolonal IF 1:100 
Plakoglobin Abcam ab15153 Rabbit Polycolonal IB/IF 1:2500/1:100 

Plakophilin-2 Fitzgerald 10R-
G109A 

Mouse  Monoclonal IB/IF 1:1000/1:100 

N-Cadherin Invitrogen 33-3900 Mouse Monoclonal IB/IF 1:1000/1:200 
N-Cadherin Invitrogen PA5-

19486 
Rabbit Polycolonal IF 1:200 

GAPDH Fitzgerald  10R-
G109A 

Mouse Monoclonal IB 1:10000 

Connexin-43 Abcam ab11370 Rabbit Polyclonal IB/IF 1:2000/1:200 
pConnexin-43 

(Ser 368) 
Sigma-
Aldrich 

AB3841 Rabbit Polyclonal IB 1:1000 

Desmin Invitrogen PA5-
16705 

Rabbit Polyclonal IB/IF 1:2000/1:200 

Integrin β1D Abcam ab8991 Mouse Monoclonal IB 1:1000 
β-Catenin Invitrogen MA1-300 Mouse Monoclonal IB 1:1000 

NaV1.5 Custom-
Covance 

[316] Rabbit Polyclonal IB/IF 1:500/1:100 

Calnexin Abcam ab22595 Rabbit Polyclonal IF 1:100 
Actin Sigma-

Aldrich 
A2066 Rabbit Polyclonal IB 1:2500 

Donkey Anti-
mouse HRP (2º) 

Jackson 
Immunology 

715-035-
150 

Donkey Polyclonal IB 1:5000 

Donkey Anti-
Rabbit HRP (2º) 

Jackson 
Immunology 

711-035-
152 

Donkey Polyclonal IB 1:10000 

Donkey Anti-
Mouse IgG 
Fluro 488 

ThermoFisher 
Scientific 

A21202 Donkey 
IgG 

Polyclonal IF 
 

1:400 

Donkey Anti-
Mouse IgG 
Fluro 568 

ThermoFisher 
Scientific 

A10037 Donkey 
IgG 

Polyclonal IF 1:400 
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Donkey Anti-
Rabbit IgG 
Fluro 488 

ThermoFisher 
Scientific 

A21206 Donkey 
IgG 

Polyclonal IF 1:400 

Donkey Anti-
Rabbit IgG 
Fluro 568 

ThermoFisher 
Scientific 

A10042 Donkey 
IgG 

Polyclonal IF 1:400 

       
Primers: A list of all primers utilized are provided below. 

Primer Name Primer Sequence 5’-3’ Use 
Genotyping F 5’-GCACTCGTGTTAAAGGCAGAC Mouse Genotyping 
Genotyping R 5’-CCTGGTCTTGTTTGTAGTCGC Mouse Genotyping 
Dsp qPCR F 5’-CACTCTTCAGACGCAGGTGGA qPCR 
Dsp qPCR R 5’-GCCCTTCAGGTAGGCTTCAG qPCR 
Hprt qPCR F 5’-TGCTGACCTGCTGGATTACA qPCR 
Hprt qPCR R 5’-TTATGTCCCCCGTTGACTGA qPCR 

 

Statistics: Data are presented as mean ± S.E.M. For the comparison of two groups, we 

performed unpaired two-tailed Student’s t-test when data passed normality test (Shapiro-

Wilk normality test). When data failed this normality test, a Mann-Whitney test was 

performed to compare the groups, and box and whisker plots were used to display this data. 

When comparing differences in a categorical variable between genotypes, a Fisher’s exact 

test was used. Differences were considered significant at a p < 0.05. Statistical analysis 

was performed using GraphPad Prism (version 7.01 for Windows, GraphPad Software).  

 
 
3.4 Results 

 
3.4.1 Homozygous DSP p.R451G knock-in mice display embryonic lethality 

 
The N-terminus of DSP is the location of multiple human ACM variants [85]. The 

R451G variant in this region is of interest due to its presence and variable phenotype in a 

large kindred, as well as the linkage of this variant to calpain-dependent proteolysis in vitro 
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[76].  To assess this phenotypic variability, we generated a mouse model expressing 

endogenous DSPR451G (Figure 6A). Mice heterozygous for the DSP p.R451G variant 

(DspR451G/+) were bred to study DspR451G/R451G mice in comparison to control littermates 

(Figure 6B). DspR451G/R451G mice were embryonic lethal, and the ratio of DspR451G/+ to 

control littermates was approximately 2:1, the expected Mendelian ratio of offspring 

assuming DspR451G/R451G mice were not viable. Embryonic isolations were performed from 

DspR451G/+ X DspR451G/+ breeding pairs, and viable DspR451G/R451G embryos were identified 

prior to E10, including E4 and E8 (Figure 6C). Verification of genotyping was performed 

utilizing Sanger sequencing to confirm the nucleotide change at the mutation site as well 

as the PAM sequence (Figure 7). After E10, no viable DspR451G/R451G embryos were 

detected (Figure 6D). Thus, DspR451G/R451G mice are embryonic lethal prior to E10. As a 

result of this lethality, only DspR451G/+ mice were evaluated for cardiac phenotypes. These 

heterozygotes mirror the autosomal dominant inheritance pattern observed in the original 

R451G patient family [76].  
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Figure 6: Schematic overview of the R451G mouse model 
(A) Amino acid substitution occurs at residue R464, the murine equivalent of the human 
R451G variant. Alteration at the PAM site results in no changes within the coding 
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sequences. *Introduction of the R451G variant results in the generation of a restriction 
enzyme cut site for BstNI (CC˅WGG) that was utilized for genotyping. (B) Schematic for 
the generation of DspR451G/R451G mice and control littermates after backcrossing is 
completed. (C) Embryonic isolations at time points E4 and E8 identified viable 
DspR451G/R451G embryos. (D) Breakdown of timepoints and genotypes from isolated 
embryos from DspR451G/+ X DspR451G/+, with no viable DspR451G/R451G embryos isolated after 
E10.  
 

 

Figure 7: Genotyping analysis of the DSP R451G+ mouse model  
(A) Representative genotyping of the DSP R451G+ embryo isolations, with no template 
control (NTC). Control and R451G+ positive controls previously confirmed with 
sequencing. Restriction enzyme digest using BstNI cleaves R451G+ DNA, but not control 
DNA. (B) Sequencing results verified both heterozygous and homozygous R451G+ mice 
at the mutation site and via the PAM sequence site.  
 

Previous data from R451G human studies revealed a loss of full-length DSP protein 

that occurred post-translationally [76]. Heart lysates from control and DspR451G/+ littermates 

were analyzed at ~6 months of age. DspR451G/+ mice displayed an approximate 50% 

reduction of full-length DSP protein in comparison to control littermates (Figure 8A/B). 
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This was further confirmed in lysates from ~1 month and 3 month hearts. All lysates 

displayed a significant, near 50% reduction in DSP expression (Figure 9A/B). We did not 

observe any small fragments of DSP unique in the DspR451G/+ heart lysates. mRNA levels 

of Dsp were unchanged between DspR451G/+ and control hearts, indicating the reduction in 

DSP expression occurred post-translationally (Figure 8C). To ensure there were no 

potential dominant-negative effects from the R451G DSP variant, immunostaining of heart 

sections isolated at ~6 months of age was performed to analyze the localization of DSP. 

While DspR451G/+ heart tissue showed reduced DSP signal at the intercalated disc (ID) in 

relation to the control marker N-cadherin, we did not observe DSP mislocalization from 

the ID (Figure 8D). In summary, our findings support that DSP p.R451G is post-

translationally unstable but does not impact the localization of DSP from the control allele. 
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Figure 8: DspR451G/+ mice display a reduction in DSP protein expression  
(A) Representative immunoblot of heart lysates from DspR451G/+ and control littermates 
isolated at 6 months of age, comparing full length DSP levels (control n=12, DspR451G/+ 

n=13). Ponceau staining included. (B) Quantification of immunoblotting of DSP 
normalized to Ponceau staining. (C) qPCR examining Dsp expression from isolated cDNA 
from  DspR451G/+ and control littermates, normalized to Hprt (n=7 per group). (D) 
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Immunostaining of cardiac cryosections examining DSP localization and expression 
patterns at the intercalated disc, using N-Cadherin as a control marker (n=4 per genotype). 
Scale bars represent 10µm. ** p <0.01. 
 

 
 
Figure 9: DspR451G/+ mice display a reduction in DSP protein expression at different 
timepoints 
(A) Immunoblot quantification of DSP from heart lysates isolated at 1 month of age 
(Control n=4, DspR451G/+ n=3), (B) and 3 months of age (n=3 per group). * p<0.05. 
 
 
 
3.4.2 DspR451G/+ mice do not display changes in cardiac structure or function at baseline 

 
Structural abnormalities have been previously observed in select individuals 

harboring the DSP p.R451G variant, where the majority of patients experience left or 

biventricular dysfunction [76]. We evaluated six-month DspR451G/+ mice for potential 

structural or functional cardiac phenotypes. We observed no changes in cardiac function 

as assessed by measuring fractional shortening (FS%), or left ventricular internal diameter 

(LVID; both systolic and diastolic; Figure 10A-D). A summary of all baseline 

echocardiographic data is noted in Table 2. We observed no signs of increased fibro-fatty 

infiltration in DspR451G/+ hearts (Figure 10E/F). Finally, DspR451G/+ mice displayed no 

changes in heart weight to tibia length ratio (Figure 10G).  
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Figure 10: DspR451G/+ mice display no structural changes at baseline 
(A) Baseline echocardiography measurements conducted on 6 month control and 
DspR451G/+ mice and littermates comparing fractional shortening, (B) LVIDd, (C) and 
LVIDs (control n=14, DspR451G/+ n=17). (D) Representative M-mode echocardiography 
recordings from control and DspR451G/+ mice performed at 6 months. (E) Masson’s 
trichrome staining performed on 6 month old control and DSPR451G/+ mice littermates. (F)  
Relative fibrosis levels calculated from Masson’s trichrome staining (n= 9 per genotype). 
(G) Heart weight to tibia length ratio isolated following echocardiography experiments 
(control n=14, DspR451G/+ n=17). 
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3.4.3 DspR451G/+ mice do not display electrical abnormalities at baseline 

 
Electrical defects commonly precede structural abnormities in ACM [44, 89]. 

Therefore, we evaluated DspR451G/+ mice for arrhythmia susceptibility in the absence of 

structural defects. Similar to control littermates, no baseline electrical abnormalities were 

noted in DspR451G/+ mice (Figure 11A). However, we observed trends toward a prolonged 

QTc (p= 0.0914) and T-peak to T-end (p=0.0609), with no changes in heart rate, suggesting 

potential defects in repolarization (Figure 11B/C, Table 3).  
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Figure 11: DspR451G/+ mice display no significant electrical abnormalities at baseline 
(A) Representative ECG trace in conscious mice at ~14 weeks of age displayed no signs 
of cardiac arrhythmias or abnormal ECG morphology. Scale bars represent 500ms. (B) 
Heart rate (C) and QTc (Mitchell et al. normalization) intervals calculated from telemetry 
mice at baseline. Stats performed using Student’s t-test (control n=8, DspR451G/+ n=7). 
 
 
 
3.4.4 DspR451G/+ mice display accelerated heart failure following pressure overload 

 
 To evaluate the response of cardiac output following chronic cardiac stress, 

transverse aortic constriction (TAC) surgeries were performed on DspR451G/+ mice to induce 

pressure overload. Surgeries were performed at ~12 weeks, and echocardiography 

measurements were acquired at baseline and every two weeks post-surgery for twelve 

weeks. Four weeks post-TAC, DspR451G/+ mice displayed a significant reduction in FS% 
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compared to control littermates (Figure 12A: Control FS%= 21.84%, DspR451G/+ FS%= 

15.77%; p= 0.0448). Interestingly, DspR451G/+ mice also demonstrated an increase in LVIDs 

as early as four weeks post-TAC when compared to the control littermates (Figure 12B/C: 

Control LVIDs= 0.281cm, DspR451G/+ LVIDs= 0.337cm; p= 0.0368). These parameters 

remained significant or trended towards significance throughout the study until the ending 

timepoint. Diastolic measurements at four weeks post-TAC, including LVIDd (p= 0.0520) 

and end diastolic volume (p= 0.0783) showed a trending increase in DspR451G/+ mice 

(Figure 13A/B). There was a trending increase to end systolic volume in DspR451G/+ mice 4 

weeks post-surgery compared to control littermates (p= 0.0810, Figure 13C), with ejection 

fraction trending or significantly decreased in DspR451G/+ mice at each timepoint starting at 

4 weeks post-surgery (Figure 13D). No significant changes in overall survival or heart 

weight were observed (Figure 13E/F).  
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Figure 12: DspR451G/+ mice display structural changes post TAC surgery 
(A) Comparison of fractional shortening (B) and LVIDs between DspR451G/+ mice and 
control littermates post TAC-surgery. Measurements taken every 2 weeks after surgery 
(n=7 per genotype post-surgery). * p <0.05, ** p <0.01. (C) Representative M-mode 
echocardiography recordings from DspR451G/+ and control littermates 4 weeks post-TAC 
surgery. 
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Figure 13: Structural changes in DspR451G/+ mice post TAC surgery 
Structural changes in DspR451G/+ mice post TAC surgery. Quantification of additional LV 
parameters from DspR451G/+ and control littermates following TAC surgeries, including (A) 
left ventricular internal diameter at diastole, (B) end diastolic volume, (C) end systolic 
volume, (D) and ejection fraction.  (E) Kaplan-Meier curve following TAC surgery. (F) 
Heart weight to tibia length ratio at endpoint experiments/heart isolations. (n=7 per 
genotype post-surgery). * p-value <0.05, ** p-value <0.01. 
 
 

At baseline, DspR451G/+ mice displayed a trending, but not statistically significant 

increase in QTc interval as well as T-peak to T-end interval (Figure 11B/C, Table 3). To 

evaluate how this electrical phenotype was altered in response to pressure overload, ECG 

recordings were acquired from anesthetized mice every four weeks post-TAC. The QTc 

interval was significantly prolonged at four weeks post-TAC in DspR451G/+ mice, and the T-
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peak to T-end showed a trending increase that did not reach significance (p=0.0584; Figure 

14A-C). No other changes in electrical parameters were noted following surgery (Figure 

14D-F). ECG morphological changes were also analyzed, and at four weeks post-TAC, 

control mice displayed minimal changes in the T-wave morphology, whereas DspR451G/+ 

mice showed more severe T-wave inversion (Figure 15). Notably, T-wave inversion is a 

clinical diagnostic criterion of ACM and suggests a significant risk of SCD [317-318]. 

Lastly DspR451G/+ mice displayed a fragmented pattern in the QRS (fQRS) structure, another 

diagnostic parameter for ACM, that was not observed in the control littermates (Figure 15). 

Taken together, DspR451G/+ mice displayed no changes in cardiac structure or function at 

baseline. However, DspR451G/+ mice exhibited reduced cardiac function, LV dilation, and 

signs of accelerated heart failure phenotypes following pressure overload.  

  
 
Figure 14: Surface ECG recordings from DspR451G/+ mice and control littermates post-
TAC surgery 
Parameters analyzed include (A) T-peak to T-end duration, (B) QTc duration (Mitchell et 
al. normalization), (C) QT interval, (D) PR interval, (E) QRS interval, (F) and p duration. 
* p<0.05, ** p<0.01 (n=7 per genotype post-surgery). 
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Figure 15: Representative ECG traces following TAC surgery 
Representative traces are average ECG morphology of DspR451G/+ mice and control 
littermates at 4 weeks post-TAC. Scale bars represent 0.025 seconds. 
 
 
 
3.4.5 DspR451G/+ mice display stress-induced arrhythmias 

 
To determine if DspR451G/+ mice were prone to inducible arrhythmias prior to 

structural remodeling, we investigated the impact of catecholamines on cardiac electrical 

activity. As expected, following 2.0mg/kg epinephrine, control mice displayed limited 

arrhythmogenic events. In contrast, DspR451G/+ mice displayed prolonged and severe 

arrhythmogenic events, including example traces of ventricular tachycardia (VT) and 

bigeminy (Figure 16A-C). Additionally, a greater proportion of DspR451G/+ mice (71.4%) 

experienced arrhythmogenic events that exceeded two seconds compared to control 

littermates (12.5%, p= 0.0406; Figure 16D-E). DspR451G/+ mice also displayed a significant 

increase in atrioventricular block (AV) block events, as well as a trending increase in 

premature ventricular contractions (PVCs) (p =0.144; Figure 17A/B). No significant 

differences in rate of occurrence were observed in other types or arrhythmic events (Figure 

17C/D). Taken together, DspR451G/+ mice were prone to more frequent and prolonged 



96 
 

arrhythmias following catecholaminergic stimulation in the absence of a structural 

phenotype. 

 

 
 
Figure 16: DspR451G/+ mice display arrhythmias following catecholaminergic challenge 
(A) Representative ECG recordings of control and DspR451G/+ mice littermates (~14 weeks 
of age) following 2mg/kg epinephrine. Arrowheads point to identified arrhythmic events, 
including isolated PVCs (Black), ventricular tachycardia (red), and bigeminy (gray). Scale 
bars represent 500ms. (B) Arrhythmogenic events that exceeded 1 second per group. (C) 
Percentage of mice in each genotype with at least 1 event that exceeded 1 second. (D) Total 
number of arrhythmogenic events longer than 2 seconds. (E) Percentage of mice in each 
genotype with at least 1 event that exceeded 2 seconds. * p <0.05 (control n=8, DspR451G/+ 
n=7).  
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Figure 17: Electrocardiographic findings following catecholaminergic stimulation in 
telemeter mice 
(A) Breakdown of different arrhythmia events in mice following epinephrine injections, 
including atrioventricular block, (B) premature ventricular contractions, (C) ventricular 
tachycardia, (D) and bi/trigeminy. Stats performed using Mann-Whitney non-parametric 
test. * p <0.05 (control n=8, DspR451G/+ n=7). 
 
 

3.4.6 DspR451G/+ mice display normal localization of key ID proteins but altered distribution 
of Cx43. 

 
Based on the critical role of DSP in cardiac function, we hypothesized that the 

R451G missense variant would cause reduced expression and/or altered localization of key 

DSP binding partners in mice. Initial targets of interest included Cx43 and plakoglobin 

(PKG), as these proteins were shown to be frequently altered in ACM models and patients 

[90, 96, 110, 319-320]. R451G+ biopsy samples and human iPSCs previously identified 
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Cx43 mislocalization, decreased Cx43 protein expression, and increased phosphorylation 

at Cx43-S368 [76]. Expression levels of PKG and Cx43 were not different between 

DspR451G/+ mice and their control littermates (Figure 18A-C). Further, pCx43/Cx43 ratios 

were not altered as well (Figure 18D/E). We also examined additional targets including 

integrin-β1D, a protein reduced in many ACM cases with reduced DSP expression [321], 

as well as plakophillin-2 (PKP2) and β-catenin, ACM-linked proteins that localize at the 

ID [45, 87]. Notably, immunoblotting revealed no changes in expression patterns for 

integrin-β1D, PKP2, or β-Catenin (Figure 19A-C). 

 

 

Figure 18: DspR451G/+ mice display no changes in expression of key ID proteins  
(A) Immunoblots of heart lysates from DspR451G/+ mice and control littermates isolated at 
3 months of age, evaluating key ID markers PKG and Cx43. (B-C) Quantification of PKG 
and Cx43 protein expression relative to GAPDH. (D) Immunoblot probing for pCx43 
(Ser368) and Cx43. (E) Quantification of pCx43 protein expression compared to total 
Cx43. (N=4 per genotype).  
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Figure 19: No changes in the expression of additional key ID proteins 
(A) Immunoblots of heart lysates from DspR451G/+ and control littermates isolated at 3 
months of age, evaluating expression of plakophilin-2, (B) and β-catenin (n=4 per 
genotype). Quantification of each target relative to appropriate GAPDH staining. (C) 
Immunoblot probing for Integrin β1D (Control n=5, DspR451G/+ n=4) quantified, relative to 
Ponceau staining.  
 

Consistent with expression data, we observed no changes in PKG localization, as 

expression was uniform at the disc when compared to control marker N-cadherin (Figure 

20A). However, we did observe minor, but consistent alterations of Cx43 at the ID when 

compared to the control heart tissue sections. Specifically, Cx43 displayed a pronounced 

punctate expression pattern in DspR451G/+ tissue when compared to control sections (Figure 

20B). In summary, while displaying minor alterations in Cx43 localization, DspR451G/+ mice 

had normal expression and distribution of key DSP associated binding partners.    
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Figure 20: DspR451G/+ mice display changes in ID protein localization  
(A) Immunofluorescent (IF) images of cardiac cryosections examining plakoglobin, N-
cadherin co-stain used as a control marker. (B) Staining for Cx43 localization patterns at 
the ID, with arrowheads pointing to ID with punctate Cx43 expression at the disc in 
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comparison to control marker N-cadherin. Scale bars represent 20µm. n=4 per genotype, 
mix of male and female mice used for staining.  
 

3.5 Discussion  

 
 The gap of knowledge on the progression of ACM phenotype and the molecular 

pathways of ACM pathogenicity makes therapeutic design and preventative treatment 

challenging. Therefore, developing models that better recapitulate the human phenotype is 

vital for the progression in ACM research. Our previous study utilized human cardiac 

biopsy tissues and iPSC-derived cardiomyocytes from an ACM family harboring a 

pathogenic DSP variant (DSP-p.R451G). Biopsy samples from heterozygous p.R451G 

patients displayed increased fibro-fatty infiltration, decreased DSP expression at the ID, 

and mislocalization of Cx43 from the ID. Additionally, iPSC-derived cardiomyocytes 

identified a reduced expression of Cx43 (including increased pCx43-S368, a degradation 

marker), as well as a decreased expression of DSP that was not connected to a loss of DSP 

mRNA. This post-translational reduction in DSP was ultimately attributed to an increase 

in calpain sensitivity, which was also linked to additional variants in this N-terminal 

mutational ‘hotspot’ using both in silico and in vitro techniques [76].  

  Desmoplakin is essential for proper embryonic development and plays a major role 

in the integrity of both cardiomyocytes and epithelial tissue [92]. Upon breeding 

heterozygous DspR451G/+ mice, no viable DspR451G/R451G mice were detected, suggesting that 

homozygous expression of the R451G variant is embryonic lethal. Indeed, DspR451G/R451G 

embryos were only identified in development prior to E10 (Figure 6C/D). While initially 

surprising, these results were not unexpected, as whole-body knock-out of Dsp is 
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embryonic lethal near E6.5 [92]. While we were unable to study DspR451G/R451G mice, the 

heterozygous whole body DspR451G/+ model more accurately portrays the human 

population, as to date, all familial members in the p.R451G family are heterozygous for 

the variant [76]. 

 Consistent with the incomplete penetrance found in humans, we observed no basal 

structural or electrical phenotypic changes in the DspR451G/+ mice (Figure 10-11, Tables 2-

3). It is not uncommon for ACM models to lack a severe phenotype at baseline, where 

external stressors such as drug stimulation or exercise are required for a phenotypic 

development. Two separate studies used a plakoglobin heterozygous KO model, as well as 

a transgenic PKP2 p.R735X expressing mouse model. Interestingly, each showed no 

significant phenotype at six months of age, but following endurance exercise training, these 

models displayed RV abnormalities, spontaneous arrhythmias, and/or mis-localization of 

Cx43 [182, 273].  

 Both acute and chronic cardiac stressors were used in this study to fully understand 

the drivers that contribute towards ACM development in DspR451G/+ mice. We hypothesized 

that chronic cardiac stress might contribute to the progression of the ACM phenotype in 

the DspR451G/+ mice. Despite traditionally being considered a RV dominant disease, familial 

ACM cases with a DSP variant commonly show increased left or biventricular involvement 

[89], including the p.R451G family [76]. Additionally, LV dysfunction and/or dilation 

have been previously noted in heterozygous DSP knock-out mice at baseline [90, 96]. 

Therefore, we utilized a pressure overload model to examine the structural and functional 

changes of the LV of the heart post-TAC. Our model displayed a reduced LV functional 
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output (via fractional shortening %) and a dilated phenotype by 4 weeks post-TAC (Figure 

12). Interestingly, ECG recordings displayed frequent fragmented QRS structures as well 

as inverted T-waves in DspR451G/+ mice that were not apparent in control littermates (Figure 

15). fQRS is a feature reportedly indicative of fibrosis, ischemia, or scaring of the ventricles 

[322]. Importantly, fQRS has been linked to prolonged QT, and both fQRS and inverted T 

waves are considered diagnostic parameters for both myocardial scarring and ACM [323-

324]. An early “concealed” phase is a significant problem in ACM diagnosis, as individuals 

that lack any apparent structural cardiac abnormalities are still vulnerable to life threating 

arrhythmias and SCD [43-44, 146], a trait that was identified in the p.R451G patients [76]. 

The DspR451G/+ mice lacked a baseline electrical phenotype, however, an increase in 

prolonged arrhythmic events was noted following catecholaminergic challenge. 

 Overall, a multitude of pathways contribute towards the progression of ACM 

symptoms [111, 167, 268]. We aimed to study molecular changes in common ACM-

associated proteins with disease development, including PKP2, β-Catenin, and Integrin-

β1D [179, 321]. We identified no changes in these targets (Figure 9). However, similar to 

what was seen in heart sections in the p.R451G family [76], altered localization patterns of 

Cx43 in DspR451G/+ mice were identified (Figure 20B). While the mislocalization was less 

significant in our mice, this could be attributed to the lack of a baseline phenotype in our 

model, as tissues from the human population were collected from an individual diagnosed 

with ACM following SCD. This is not surprising as Cx43 mislocalization is seen in other 

ACM models such as an inducible Pkp2 KO line [75]. Cx43 plays a vital role in gap 

junction (GJ) formation and function at the ID and has been shown to be recruited to the 
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ID via DSP-EB1 interactions [71]. Desmosomes also stabilize GJ at the disc [325], so loss 

of DSP is expected to impact Cx43 localization. While we did not observe fibro-fatty 

infiltration, this is a feature that is not commonly identified in ACM mouse models.  

 We have successfully generated one of the first ACM mouse models that more 

accurately recapitulates human genetics by introducing the murine equivalent of the human 

DSP p.R451G variant endogenously. While punctate expression patterns of Cx43 may be 

linked to arrhythmia formation, DspR451G/+ mice displayed less significant mislocalization 

when compared to human studies. Future studies will focus on how different external 

stressors exacerbate this mislocalization, as well as identifying other molecular targets that 

may only be altered following prolonged stress. DSP plays a key role in protein recruitment 

to the ID, as well as providing structural support to the ID/desmosomes [5]. As 

desmosomes play a vital role in ID stability and membrane integrity, it is also important to 

consider the effects of this variant on ID stability. While beyond the scope of this initial 

study, future work will focus on potential morphological changes of the different ID 

structures (desmosomes, gap junctions, adherens junctions) with relationship to ID 

integrity. 
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4.1 Abstract 

 
To date, heart disease remains to be the leading cause of death worldwide. A subset 

of heart disease associated with fibro-fatty infiltration and increased risk for sudden cardiac 

death, known as arrhythmogenic cardiomyopathy (ACM), is primarily associated with 

variants within desmosomal genes. A desmosomal gene of interest is desmoplakin (DSP), 

as select variants in a ‘hotspot’ of ACM-associated variants have been previously reported 

to increased sensitivity to calpain degradation. Despite past studies, the majority of variants 

in ACM patients have yet to be classified as pathogenic or benign. With over 75% of DSP 

variants classified under unknown pathogenicity (UP), improved molecular knowledge on 

these variants is necessary to improve appropriate diagnosis and treatment of familial ACM 
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patients. We examined 11 UP DSP variants within the mutational ‘hotspot’ to evaluate 

molecular modifications within the calpain sensitive region of each variant that may trigger 

calpain sensitivity. Molecular dynamic simulations identified 2 UP variants with disrupted 

exposure of the calpain target site. Surprisingly, nine variants had increased sensitivity to 

calpain in vitro, suggesting other factors may contribute to calpain-mediated degradation. 

Regardless, this reinforces understanding of the calpain sensitivity of DSP, and may aid in 

future personalized treatment for ACM patients with calpain sensitive variants.  

 
 
4.2 Introduction 

 
Heart disease remains as the leading cause of death worldwide and remains to be 

to be a significant economic burden worldwide, resulting in nearly 875,000 deaths in the 

U.S annually [326]. One subset of cardiac disease, arrhythmogenic cardiomyopathy 

(ACM), is a leading contributor to sudden cardiac death (SCD), the leading natural cause 

of death worldwide [2, 272, 307]. ACM is characterized by fibro-fatty infiltration of the 

ventricular myocardium, increased propensity of ventricular arrhythmias, and reduced 

cardiac functional output [88, 142].  More concerning, ACM patients or those with a 

disease-causing variant, are vulnerable to the formation of life-threating arrhythmias prior 

to the onset of cardiac structural defects, known as the ‘concealed phase’ [43-44]. While a 

challenge to treat, most ACM cases are linked to a known genetic culprit that can aid in 

diagnosis of familial cases. Among a large pool of ACM-linked genes, genetic variants are 

most frequently identified (85%-90% of cases) with desmosomal genes [160, 164]. The 

desmosome is protein complex that lies at the intercellular junction between adjacent 
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cardiomyocytes known as the intercalated disc (ID), providing structural support through 

cytoskeletal linkage to ensure cells stay adhered during the mechanical stress generated 

from contractile forces [5]. Among desmosomal proteins, variants most frequently lie in 

plakophilin-2 (PKP2), desmoglein-2 (DSG2), and desmoplakin (DSP) [45, 85]. 

 Among these, DSP is of particular interest for multiple reasons. ACM cases linked 

to DSP variants have a unique left/biventricular dominance with unique fibrotic patterns 

prior to systolic dysfunction, where some suggest should be referred to as a unique form 

of ACM [172]. While the majority of ACM-linked variants are associated with premature 

truncating or impacting splice sites (83%) [159], DSP has an increased proportion of 

missense variants (35%) [85, 113]. Additionally, there is a significantly disproportional 

upregulation of pathogenic missense variants at the N-terminus portion of DSP, referred to 

as a mutational ‘hotpot’ [85]. The N-terminus of DSP is comprised of multiple spectrin 

repeat (SR) with a Src homology 3 (SH3) domain [93]. This region has multiple functions, 

including mechanical stability/mechano-sensing [86, 93], linking the cytoskeletal network 

to the desmosome through plakoglobin (PKG) and PKP2 interactions [70, 94], as well as 

recruitment and stabilization of the essential gap junction (GJ) protein connexin-43 (Cx43) 

to the ID [71-72]. Based on the essential function, the connection of dysfunction of this 

SR/SH3 to ACM is not surprising.  

Our group has previously studied the influences these ‘hotspot’ variants have on a 

calpain target site buried within the SH3 domain of DSP [76]. Calpain is a calcium 

expressed calcium-activated cysteine protease [115, 122]. It is expressed ubiquitously and 

has a multitude of functions, including cytoskeletal rearrangement, regulated protein 
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turnover, regulation of cellular signaling/gene expression, and apoptosis [115, 118, 123, 

327-328]. However misregulation of calpain has been linked to multiple diseases, including 

Alzheimer’s and muscular diseases [119-121, 130, 329]. We previously reported that select 

pathogenic variants at this ‘hotspot’ result in destabilization of this region from molecular 

dynamic (MD) stimulations. Ultimately DSP variants that resulted in a reduced stability 

and increased exposure of this target site displayed increased protein degradation following 

calpain incubation [76]. A strong correlation was identified when comparing the exposure 

of this calpain sensitive region to protein stability following calpain incubation, suggesting 

this may be a potential method of identifying additional pathogenic variants in the future.  

As there are many subsets of ACM with unique symptoms from a variety of genetic 

causes, as well a growing pool of associated variants with unique mechanisms of action, it 

is essential to improve personalize management for patients in the clinical setting. 

However, this can be particularly challenging as a genetic culprit is not identified in each 

familial/idiopathic case [330]. Among a publicly accessible ACM database 

(https://arvc.molgeniscloud.org/; [113]), there is a significant number of identified variants 

that are not listed as pathogenic. Approximately 76% of reported DSP variants fail to be 

categorized as pathogenic or benign [113], creating a significant clinical burden for 

diagnosis and treatment. The need to categorize these variants of unknown pathogenicity, 

referred to as UP variants, is necessary to overcome this clinical obstacle.  

Among the nine pathogenic variants in the mutational ‘hotspot’ of DSP, eleven 

additional UP variants exist within this site (residues 270-550). Based on our previous 

study, DSP expressed in iPSC-derived cardiomyocytes isolated from human patients (DSP 
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p.R451G) displayed reduced protein expression with unaltered mRNA levels [76]. 

Additional pathogenic variants were examined via in silico and in vitro approaches, where 

a tight correlation was found between the disrupted structure of a buried calpain target site 

when compared to DSP degradation levels following calpain incubation [76]. With this, 

we sought to examine these UP variants in the ‘hotspot’ to identify if they shared a similar 

mechanism as seen in pathogenic variants that may help categorize them as pathogenic. 

Molecular dynamic simulations determined that many of these variants primarily localized 

within the SR4 domain in close proximity to SH3 domain, the location of the buried calpain 

target site. Overall a small subset of DSP variants perturbed the molecular stability and 

environmental exposure of this region. Despite this, a larger subset of variants displayed 

increased sensitivity to calpain, indicating there may be additional molecular influence that 

determine calpain ability to interact and degrade DSP.   

 
 
4.3 Materials and Methods 

 
Site Directed Mutagenesis: The NH2- terminus of human desmoplakin (residues 1-883; 

Addgene plasmid #32227) was directionally cloned into the pGEX-4T1 vector (insert 

citations) as previously described [76]. The Q271K, W285G, I305F, R315C, L392P, 

I399M, K401N, N408K, K449T, Y494F, and L547R mutations were individually 

introduced into the wildtype desmoplakin1-883 using the QuikChange Site-directed 

mutagenesis Kit (Agilent Technologies, Santa Clara, CA) according to manufacturer’s 

instructions. Introduction of each mutation was confirmed via sequencing. Primers used 

are listed below. 
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Primers: A list of all primers utilized are provided below 
 
 

Primer Name Primer Sequence 5’-3’ 
SDM DSP Q271K-F 5’-gaggatggatcacctgcgaaagctgcagaacatcattca 
SDM DSP Q271K-R 5’-tgaatgatgttctgcagctttcgcaggtgatccatcctc 
SDM DSP W285G-F 5’-ccagggagatcatggggatcaatgactgcgag 
SDM DSP W285G-R 5’-ctcgcagtcattgatccccatgatctccctgg 
SDM DSP I305F-F 5’-gcgacaagaacaccaacttcgctcagaaacagg 
SDM DSP I305F-R 5’-cctgtttctgagcgaagttggtgttcttgtcgc 
SDM DSP R315C-F 5’-ggaggccttctccatatgcatgagtcaactggaag 
SDM DSP R315C-R 5’-cttccagttgactcatgcatatggagaaggcctcc 
SDM DSP L392P-F 5’-actgaagcatacccgaaggggctccaggactc 
SDM DSP L392P-R 5’-gagtcctggagccccttcgggtatgcttcagt 
SDM DSP I399M-F 5’-gctccaggactccatgaggaagaagtacccctg 
SDM DSP I399M-R 5’-caggggtacttcttcctcatggagtcctggagc 
SDM DSP K401N-F 5’-ccaggactccatcaggaataagtacccctgcgac 
SDM DSP K401N-R 5’-gtcgcaggggtacttattcctgatggagtcctgg 
SDM DSP N408K-F 5’-ctgcgacaagaaaatgcccctgcagcacctg 
SDM DSP N408K-R 5’-caggtgctgcaggggcattttcttgtcgcag 
SDM DSP K449T-F 5’-gaagattgtacagctgacgcctcgtaacccagac 
SDM DSP K449T-R 5’-gtctgggttacgaggcgtcagctgtacaatcttc 
SDM DSP Y494F-F 5’-agcgcagcaagtggttcgtgacgggccc 
SDM DSP Y494F-R 5’-gggcccgtcacgaaccacttgctgcgct 
SDM DSP L547R-F 5’-tacatcaacatgaagagccgggtgtcctggcactac 
SDM DSP L547R-R 5’-gtagtgccaggacacccggctcttcatgttgatgta 

 
Protein Purification: Wildtype and mutant desmoplakin1-883 proteins were produced in 

bacteria (BL21 [DE3]) and purified GST-fusion proteins using the pGEX-4T1 vector 

system as previously described [76, 97]. 

Calpain Assays: Recombinant protein (5 ug) of each DSP variant was diluted in assay 

buffer (40 mM Trish HCl, 50 mM NaCl, 2 mM DTT, 10 mM CaCl2) with and without 

calpain. Reactions were incubated at 37°C for 30 minutes. Reaction products were 

analyzed by SDS-PAGE followed by staining with Sypro Ruby total protein stain 

according to the manufacturer’s instructions. Quantification of total amount of protein 
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remaining was calculated via densitometry obtained from ImageJ software (NIH) by 

comparing protein levels with calpain incubation to levels without calpain incubation. 

Values were normalized to wildtype calculations. Values for at least three independent 

replicates were averaged for each desmoplakin1-883 protein. 

Molecular Dynamics: Computational modeling was done using the human wildtype DSP 

residues 178–627 (PDB accession 3R6N) [331]. Models of each variant were generated 

with the “swap residue” command in YASARA using an AMBER14 forcefield and 

allowed to equilibrate for 60–200 ns in triplicate in explicit solvent at 37 °C, 150 mM NaCl, 

as previously described [76]. Simulations were surveyed every 100 ps, and the data were 

tabulated using YASARA macros. The exposed surface area of residues 447–451 was 

calculated every 2.5 ns for each variant as previously described [76, 97]. 

Statistics: Data are presented as mean ± S.E.M. For the comparison of two groups, we 

performed unpaired two-tailed Student’s t-test when data passed normality test (Shapiro-

Wilk normality test). 

 

4.4 Results 

 
4.4.1 Desmoplakin UP variants surround the calpain target site primarily in the SR4 domain 

 
Previously we have examined pathogenic DSP variants using MD simulations to 

identify potential disruptions in the core stability of the calpain target site [76]. We sought 

to accomplish this in UP variants through the same process. Among the three major 

domains of DSP, most pathogenic variants lie with the N-terminal plakin domain, 
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specifically within the C-terminus of SR4 and throughout the SH3 domain (Figure 21A). 

The junction between the SR4 and SH3 domain encompasses the calpain target site that 

was previously studied among pathogenic variants (Figure 21B). Most pathogenic variants 

are within close proximity (<20Å) of this target site (Table 4), even those that are distant 

in terms of linear sequence (i.e. S299R and N375I, Figure 21A/B). The majority of UP 

variants lie outside of the SH3 domain in the alpha helices of the SR4 domain (Figure 

21A/B).  Most UP variants lie more distal from the calpain target site, as only 27.3% of UP 

variants are within 20Å of residue L448 as opposed to 77.8% of pathogenic variants (Figure 

21B, Table 4). The four closest UP variants to the calpain target site (I305F, R315C K449T 

and Y494F) were analyzed to determine the potential impacts on intramolecular 

interactions. I305F and R315C localize in the SR4 domain near (R315C) or within a 

flexible hinge domain (I305F). Both R315 and I305 interacts with an adjacent α-helix in 

this SR4 domain (Figure 21C/D). The hinge domain these residues directly interacts with 

the calpain target site through interactions K449-D300, suggesting these UP variants, as 

well as K449T, may destabilize the stability of the target site (Figure 21C-E). Additionally, 

the Y494 residue is within the SH3 domain and is proximity to form interactions with an 

adjacent β-sheet (Figure 21F). Overall while these residues are typically further from the 

calpain target site compared to pathogenic variants, select variants still form key 

intramolecular interactions that may stabilize the SR4-SH3 junction.    
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Figure 21: Stability of SH3/SR4 domains are maintained by the residues many UP 
variants reside  
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(A) 2D model of entire DSP protein with labeled domains. The mutational ‘hotspot’ is 
zoomed in (residues 270-550), and variants of pathogenicity (in orange) and unknown 
pathogenicity (in green) are labeled. The R451G pathogenic variant within the calpain 
target site is labeled in red. Distribution chart of the percentage of each variant in this 
‘hotspot’ is provided. (B) Three dimensional model of N-terminal DSP (residues 265-554) 
labeled all pathogenic and UP variants. * Variant is within 30Å, ** or 20Å of the calpain 
target site, labeled in yellow. (C) Zoom in of residue I305 and its potential interactions 
(Y296, L372, N375, A376). (D) Zoom in of residue R315 and its potential interactions 
(C289, E292). (E) Zoom in of residue K449 and its interactions (D300). (F) Zoom in of 
residue Y494 and its interactions (D502, L504). All labeled interactions are under 3.5Å 
 
 
4.4.2 Select UP variants disrupt important interactions within the calpain target site 

 
 To quantify the stability of this target site, we sought to analyze the intramolecular 

that stabilize the core region surrounding the calpain target site. MD simulations examined 

the structure of DSP following the introduction of each UP variant independently. 

Simulations revealed no variant resulted in protein unfolding or overt morphological 

changes when compared to WT DSP (Figure 22A). Previously we analyzed the stability 

and count of 11 interactions surrounding the target calpain target site, as pathogenic 

variants did not disrupt global protein structure [76]. Among the UP variants, two (R315C 

and K449T) displayed a statistically reduced interaction stability at this site compared to 

WT simulations (Figure 22B). Protein interactions are dynamic that allow flexibility and 

movement within protein domains, so changes in select interactions may be involved in 

determining overall stability of the SH3 domain. Histograms of the frequency of 

intramolecular interactions were generated to compare pathogenic and UP variants to WT 

DSP. Despite only two UP variants displayed a significant reduced interaction count, there 

are identifiable changes in additional UP variants. While WT simulations more frequently 

were measured to have 10 interactions, variants such as Q271K (8), W285G (8) and I399M 
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(9) displayed less interactions more frequently (Figure 22C). This suggests that while there 

is no statistical reduction in interaction count, select interactions may be disrupted by the 

introduction of a variety of these UP variants.  
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Figure 22: Select UP variants disrupt intra-molecular interactions surrounding the 
calpain target site 
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(A) Image of an alignment of all 11 UP variants compared to control DSP reveals no 
significant morphology changes or protein unfolding. (B) Calculation of the average 
number of intramolecular interactions surrounding the calpain target site. * p-value< 0.05. 
(C) Histograms showing the average number of interactions that surround the calpain target 
region in WT and each variant of DSP.  
 
 
4.4.3 Exposure of the calpain target site is not influenced by most UP variants 

 
 As select UP variants resulted in perturbed interaction stability and count at the 

calpain target site, it is possible the protein stability is decreased resulting in an increased 

dynamic behavior of the protein. To evaluate this, we analyzed MD simulations by 

examining the surface area exposure of the target site to the exposed environment. Multiple 

measurements were recorded, representative images are provided (Figure 23A). Overall, 

only the K449T displayed a statistically reduced exposure of the target site compared to 

WT simulations (Figure 23B). While multiple other variants displayed a trending increase 

(R315C: p-value= 0.181) or decrease (N408K: p-value= 0.111; Y494F: p-value= 0.0780) 

in exposure, most UP variants did not display significant changes in exposure of the target 

site.  
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Figure 23: Core exposure of the calpain target site is uninfluenced by UP variants 
(A) Representative MD images of the N-terminus of each UP variant examining the 
exposure of the calpain target site (labeled in yellow). (B) Quantification of the 
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environmental exposure (Å2) of the target site (residues 447-451) compared to WT 
simulations. *** p value <0.001. 
 
 
4.4.4 Calpain sensitivity detected in the majority of UP variants in vitro 

 
 To determine if any of the UP variants that disrupted core integrity lead to increase 

calpain sensitivity in vitro, recombinant GST-tagged N-terminal DSP (residues 1-883) 

were produced.  Each variant was incubated with calpain and protein levels were compared 

to samples without calpain by gel staining (Figure 24A). These values were normalized to 

WT DSP degradation. Interestingly, 9 of the 11 variants displayed increased sensitivity to 

calpain mediated degradation (Figure 24A), not anticipated as not all UP were predicted to 

alter DSP structure in silico (Figures 22-23). Previous work identified a strong correlation 

when comparing the values of core exposure to protein remaining after calpain incubation 

(normalized to WT) [76]. However, once all UP variants were added, this correlation 

became very weak (Figure 24C). There were multiple outliers in the data that could be 

excluded from this data. In our previous study, a pathogenic variant E422K was examined 

that resulted in significant degradation of DSP following the incubation of calpain despite 

having minimal influence to the target site [76]. Select variants displayed unexpected 

heightened sensitivity to calpain. It was identified that it modified an existing minor calpain 

target site to increase its sensitivity to calpain, and indeed the K401N and L547R lies 

directly on a calpain target site, and the Q271K, N408K and L392P variants influence the 

sensitivity of this site as well (Table 5). These values were therefore excluded from our 

correlation graphs, as well as K449T, a variant that manipulates the major calpain target 

site itself to be more sensitive despite decreasing its exposed site to the environment. It 
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also increased the sensitivity to Y455 to calpain, potentially making the target site involve 

more residues than other variants (Table 5). Overall, removing these variants resulted in a 

stronger correlation between the target site exposure and protein degradation (Figure 24D), 

although not as strong as the pathogenic variants themselves as previously reported [76]. 

This suggests that the calpain predictor model is a helpful tool that may help predict 

pathogenicity in variants of DSP, but other factors including additional minor calpain target 

sites must be considered during analysis.   
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Figure 24: Increased sensitivity to calpain identified in most UP variants 
(A) Representative sypro-ruby gel staining of GST-tagged DSP883 before and after 
incubation of calpain of WT and UP variants. (B) Quantification of % protein remaining 
following calpain incubation when normalized to WT DSP. * p-value<0.05, ** p-
value<0.01, *** p-value<0.001. (C) Correlation graph of all pathogenic variants and UP 
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variants comparing protein remaining after calpain incubation to surface area exposure of 
the target site. Excluded variants underlined in red. (D) Correlation graph of all variants 
after removing excluded variants. 
 
 
 
4.5 Discussion 

 
A significant number of genetic variants linked to ACM, and multiple studies have 

focused heavily on understanding the effects of loss of gene expression, as well as how 

each variant may contribute towards disease progression. This has led to significant 

progression in the clinical setting and improving scientific study design. Our previous work 

has identified a potential shared mechanism of pathogenicity with the N-terminal 

mutational ‘hotspot’ within DSP. While this a novel finding, there are a significant number 

of DSP variants within this ‘mutational’ hotspot that are labeled under unknown 

pathogenicity. Reclassifying these variants as pathogenic or benign is imperative to 

improve clinical diagnosis and personalized treatment of individuals with suspected ACM. 

DSP UP variants were of interest because of the mutational ‘hotspot’ in its N-terminus 

[85], where we have linked select variants in this region to increase sensitivity to the 

protease calpain [76]. With this, we aimed to evaluate the UP variants within this region to 

determine if any share this sensitivity.  

We aimed to evaluate the properties of these variants via in silico and in vitro 

methods. Simulations via molecular dynamics revealed that none of the 11 variants resulted 

in significant destabilization of the N-terminus of DSP as a whole. However, interactions 

counts were significantly reduced in two variants (R315C and K449T), and additional 

variants had reduced stability of select interactions even if the average number was not 
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reduced. This is an important factor to consider, as the dynamic properties of these 

interactions result in significant fluctuations in protein the flexibility of the protein at the 

core of the SH3 domain. Variants may still be vulnerable to calpain degradation even if 

one of these interactions is disrupted. Exposure of the calpain target site to the environment 

was also compared to determine if this could be a useful model to predict sensitivity 

without an experimental model. Overall only one variant displayed a significant alteration 

to the environmental exposure, the K449T variant that is the center of this target site. 

Multiple variants did trend towards significance however. Like the interaction count, it is 

possible the maximal exposure of the site is more important that the average exposure. WT 

exposure of the target site fluctuated from 118 Å2 to 172 Å2, where UP variants such as 

W285G (197.2 Å2), I305F (211 Å2), R315C (244 Å2), I399M (198 Å2), and L547R (241 

Å2) reached a higher maximum in core exposure. This suggests while the average exposure 

to the environment is not disrupted, these UP variants may spend more time exceeding a 

specific threshold of exposure they may make them more vulnerable to calpain targeting.  

Using in vitro approaches through the production of recombinant DSP, nine of the 

eleven UP variants were identified to have increased sensitivity to calpain degradation 

when compared to control DSP. Some of these variants behaved unexpectedly based on 

MD simulations, however it was determined that multiple variants were within additional 

predicted calpain target sites, or within close proximity. This created variance in our 

previously generated predictor model using pathogenic variants previously discussed [45]. 

Once these variants were removed, we found there remained a correlation between 

exposure of the calpain target site and sensitivity to calpain-mediated degradation.  
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MD simulations were a useful tool in assisting in the prediction of these variants of 

UP that have been applied by multiple groups on DSP pathogenic variants previously. 

Previous research has identified that the N-terminus of DSP, specifically the SH3 and SR4-

5 domains, are vital for providing mechanical strength to the protein [93], and different 

variants result in altered stiffness that resulted in decreased force required for rupture [95]. 

It is possible that variants may not only being influencing the SH3 structure, but the 

integrity of the SR domains. Supplemental biochemical analysis is essential to identifying 

calpain sensitive variants that are difficult to identify in silico, as evaluating the properties 

of every predicted calpain target site is not feasible. It is acknowledged that a limitation of 

this study was a lack of a cellular or in vivo model. While this will be a goal in future 

studies, a major premise of these techniques is to establish a rapid method to determine a 

shared mechanism to pathogenic variants that can be an effective predictor model of 

disease. 

Overall we have determined that a multitude of UP DSP variants display increased 

calpain sensitivity as proximal pathogenic variants, indicative calpain sensitivity may be 

an indicator of disease pathogenicity. It is to be noted that multiple pathogenic variants did 

not display calpain sensitivity, indicating current and future UP variants stable following 

calpain incubation cannot be listed as benign. Additional studies by our group has focused 

on finding protective means to prevent DSP degradation in calpain-sensitive variants [97]. 

Recent studies have introduced a protective aromatic variant (L518Y) proximal to the 

calpain target site to protect calpain sensitive pathogenic variants. This variant showed 

effectiveness in mitigating protein degradation, suggesting the option to protect DSP is 
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viable [97]. Future studies will focus on further molecular characterization of these UP 

variants, and analyzing the properties of smaller predicted calpain target sites in relation to 

these calpain sensitive variants. Additional models, including cell lines, will also be 

generated with each UP variant to identify downstream physiological consequences.   
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Chapter 5. Discussion 
 
 

Arrhythmogenic cardiomyopathy is a category of heart diseases with a strong 

genetic component with a variable phenotype that can be exacerbated by physical stress. 

Extensive work has been done on both of these topics to fully understand the mechanisms 

and drivers responsible for phenotypic progression of ACM. A genetic cause has been 

identified in nearly 60% of ACM cases, and among these, nearly 90% of genetic variants 

lie in proteins within the ID, specifically the desmosome [42, 45, 160, 164]. With 

desmosomal proteins playing a major role and ensuring proper function of the ID for 

electrical and mechanical signaling, as well as being involved in cell signaling, it is 

understood how variants in these proteins could result in an arrhythmic phenotype [5, 73]. 

What is less understood about the disease is the pathways that contribute towards disease 

development. Evidence has suggested that a variety of signaling pathways, including 

Wnt/β-catenin [90, 106, 110], hippo [167, 268], and β-adrenergic [129, 155, 332] pathways 

are commonly disrupted that can induce the ACM phenotype. However, different disease-

causing variant may contribute differently to the impacted pathways.  

 A large portion of familial ACM cases have no identified variant [42, 131, 134]. It 

is possible that a subset of these cases may be linked to undiscovered variants, related to 

understudied genes with no known role in the heart, or associated with oligogenic or 

polygenic genetic variants of unknown significance [158-159]. Despite this, the role of 

external stress and environmental factors is understood to be a significant variable in 

disease onset and prognosis of patients [135, 267, 271]. Among these, exercise is 

considered a leading contributor to disease progression, and poses a substantial risk factor 
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for inducing ventricular arrhythmias and SCD. Exercise restriction is universally 

recommended for all patients of ACM and asymptomatic individuals within a known 

disease causing variant, including individuals in families where the cause of disease is 

unknown [135, 287, 307, 330]. Between 40-60% of SCD cases in ACM patients occurred 

during exertion [150, 272]. One study of 202 SCD cases linked to ACM found that the 78% 

of cases had no reported symptoms prior to death, and competitive athletes were over 

represented among patients passing of SCD [150]. Aside from exercise, emotional distress 

is a frequent trigger for arrhythmias.   

These variables make the clinical approach to treating ACM quite difficult, as there 

are many subclasses based on symptoms and associated genetic cause. Family members 

with the same pathogenic variant may experience drastically different phenotypes, and 

there are discrepancies in symptoms and disease severity among different variants within 

the same gene [172, 330, 333]. This emphasizes the need for personalized medicine to treat 

each individual uniquely based on their symptoms, external sources of stress, affected 

disease causing gene and even specific properties of the variant [330]. To achieve this, 

animal models that more accurately recapitulate the human are necessary to better 

understand the genotype-phenotype relationship and the influences of cardiac stress. As 

most mouse models currently focus on either transgenic or KO techniques, while 

information can be gathered on the manipulated gene might have in the heart function, they 

are less reliable examining disease progression [138-139]. With this, we sought to develop 

one of the first mouse models with an endogenous modification in Dsp meant to 

recapitulate a human variant. The R451G DSP variant was chosen because of its 
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involvement in a large ACM family, its extensive characterization in both human biopsy 

samples and iPSCs, and its potential shared mechanism of pathogenicity with other DSP 

variants in the mutational ‘hotspot’ [76].   

 The initial goals of the study including the development of a DspR451G/R451G 

homozygous model to understand the consequences of this variant without the influence of 

the control allele. After sequencing multiple litters, it became apparent that homozygous 

mice were likely not viable, and indeed embryonic lethality was identified prior to E10 

(Figures 6-7). This finding was significant for two major reasons. First, this suggests the 

single point variant of DSP has extreme detrimental effects, and the ramifications from its 

influences cannot be compensated. Second, this restricted us to proceed with the viable 

DspR451G/+ model, making our mouse model more recapitulative to the human genotype to 

improve the translatability of the research. When analyzing the molecular properties of 

these mice, we identified decreased DSP protein expression in the heart and at the ID 

without observing either degradation products or mislocalization patterns (Figure 8A/B/D). 

This loss of DSP occurred post-translationally, as Dsp levels were unchanged as seen from 

qPCR data (Figure 8C). Additionally, while not seen to the extent as in human biopsy 

samples, disrupted distribution of Cx43 at the ID was noted [76]. This connection in the 

molecular findings between human biopsy samples and the DspR451G/+ mouse cardiac tissue 

suggests we have successfully developed one of the first animal models to recapitulate 

properties of a human genetic variant. Despite this, the DspR451G/+ model develops no 

identifiable cardiac phenotype without the application of stress (Figure 10-11). This 

includes no chamber dilation, fibro-fatty infiltration, changes in cardiac output, or any 
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electrical defects, with the exception of a trending prolongation of QTc and T-peak and T-

end (Table 2). Following acute stress through epinephrine injections to stimulate β-

adrenergic signaling, DspR451G/+ mice experienced prolonged arrhythmias more frequently 

compared to control littermates (71.4% vs 12.5%; Figure 16). Additionally, chronic stress 

through pressure overload surgeries resulted in DspR451G/+ displaying signs of heart failure 

at 4 weeks post-surgery (Figure 15), ultimately linked to a reduction in cardiac output and 

increased chamber dilation (Figures 12-13).   

Our model did not display a basal phenotype, but rather an inducible one through 

the application of multiple stressors. This concept has been previously shown in additional 

models of ACM, as well as other cardiac disorders including HCM. For ACM, a PKG 

heterozygous KO and R735X PKP2 transgenic mouse model was established by two 

separate groups [182, 273]. At baseline these models did not display a phenotype, but 

following exercise the development of electrical and structural defects were identified 

[182, 273]. A separate study produced a mouse model derived from a human DSC2 variant 

(G790del) [334]. While the human family was heterozygous for this variant, +/G790del 

mice displayed no phenotype, and homozygous G790del/G790del only displayed a slight 

chamber dilation and mild changes in intracellular calcium transients. No notable ID 

protein expression or localization were noted [334].  This suggests the DSC2 +/G790 

variant, as is the heterozygous R451G variant based on our research, is not sufficient to 

drive the development of ACM without other stimuli. Yang et al. developed an HCM 

model using a truncated cardiac isoform of myosin binding protein C (cMyBP-C) identified 

in multiple individuals. This variant led to only a mild form of hypertrophy, however the 
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use of treadmill exercise reduced cardiac output, reduction in total exercise capacity, and 

increased mortality when compared to control mice [335]. As previously mentioned, two 

other groups have produced two ACM models through heterozygous KO of DSP, and while 

our novel model is not based on a KO method, it still shows a significant reduction in the 

expression of DSP. While it is possible the line each model was backcrossed into may play 

a role in disease severity, it is also possible that the DspR451G/+ model has enhanced integrity 

where the addition of stress is required to mediate this discrepancy. This significantly 

highlights the advantages of using endogenous variant models that recapitulate the human 

genome as opposed to traditional KO models. 

While the findings from the novel DspR451G/+ were initially surprising, it lays the 

foundation for future studies to explore multiple avenues of ACM research. Future work 

on the molecular mechanisms that contribute towards the progression of the disease is vital. 

All targets evaluated have significant links towards ACM from other studies, including 

essential ID proteins that stabilize the desmosome [73, 75, 90], those involved in the 

formation of arrhythmias through perturbed sodium or calcium signaling [96, 321], or 

involved in Wnt/β-catenin signaling pathways [90, 109, 336] (Figure 18-19). However, 

these were not analyzed without stress, and as our data shows cardiac stress was necessary 

to induce a phenotype, stress may be necessary to drive molecular changes. The only noted 

molecular change outside of DSP protein levels was slight disturbances in Cx43 

localization at the ID (Figure 20), however this is not as severe as those found in biopsy 

samples positive for the R451G variant [76]. As these samples were originally obtained 

from late stage ACM samples following SCD, this only further supports the necessity of 
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external stress to result in molecular disturbances. While the additional of stress seems to 

be necessary, other molecular pathways remained to be explored. Epinephrine is an agonist 

of the β-adrenergic pathway, known to play a major role in calcium handling, contractility, 

and regulation of calpain through the activation of PKA and CaMKII [129]. Examining 

downstream targets of these pathways, including phosphorylation levels of essential 

calcium signaling proteins such PLN, RYR2, Cav1.2, and cMyBP-C, could provide 

important understanding the drivers of the arrhythmic phenotype without structural 

abnormalities. The hippo signaling pathway is strongly correlated with Wnt/β-catenin 

signaling pathway through the activation of Yes-associated protein (YAP). YAP is capable 

of preventing β-cartenin localization to the nucleus [167], which may also be a driver that 

promotes ACM that can be further explored. Other pathways include the ERK pathway, 

previously shown to be activated following loss of DSP to trigger downstream 

phosphorylation and degradation of Cx43 [72], and has also been associated with the β-

adrenergic pathway [129]. Cx43 also plays an important role in the localization and activity 

of Nav1.5 [5], another key target to evaluate post-stress. 

The sensitivity to structural remodeling using pressure overload supports the 

DspR451G/+ model has ACM like traits, however the timing of heart isolations posed as a 

limitation in our study. By the 12 week timepoint, control as well as DspR451G/+ mice 

displayed signs of heart failure, where no changes in fibrosis or HW/TL were identified 

(Figure 12-13 Figure 15). Four weeks post-surgery, DspR451G/+ showed clear signs of heart 

failure when compared to control littermates (Figure 15), including a dilated phenotype at 

systole that trended towards significance at diastole (Figures 12-13). This may be the ideal 
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age to examine global morphological changes (fibro-fatty infiltration), as well as molecular 

changes as previously described. Desmoplakin, being vital for desmosomal stability as the 

linker to the desmin cytoskeleton network, plays a significant role in the ultrastructure of 

the ID. While IF staining can reveal changes in protein localization, it cannot detect gross 

changes at the ID. Through TEM, the changes in ID integrity associated with the loss of 

DSP can be analyzed, and compared before and after the induction of stress. Alterations to 

desmosomal, GJ, and AJ measurements and morphology, each capable of being 

distinguished as seen in figure 2, can be evaluated after the administration of stress between 

groups as well.   

 It is acknowledged that TAC, while an easily regulated and consistent form of 

cardiac stress, may not be the most physiologically relevant towards an ACM model. As 

our model recapitulates a variant expressed in human ACM patients, it is important to 

utilize the appropriate stressor. As previously described, exercise is a strong inducer of the 

electrical phenotype that may be a contributor towards disease progression [135, 182, 272, 

337], as the stimuli that trigger structural/fibro-fatty remodeling are not well characterized. 

Using exercise models as a stressor, as well as additional TAC studies could be beneficial 

in identifying which stressors lead to a more significant phenotype. Both treadmill and 

swimming exercise have been reported in mouse models previously [182, 273]. Swimming 

based exercise generally is considered more rigorous, it also requires training the mice and 

takes up considerable more time [338]. Treadmill exercise is an ideal starting point to 

identify the formation of arrhythmias as well as a structural phenotype, but swimming 
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experiments can be performed should treadmill exercise not induce a strong enough 

phenotype. 

 The goal of any disease model is to identify approaches to improve the diagnosis 

and treatments of patients. However a major limitation in the clinical setting is the lack of 

personalized treatment, due the variable nature of ACM between and within families with 

an identified genetic variant [330]. Analyzing potential effects of each disease causing 

variant is essential to administer the proper treatment plan, however this is difficult without 

proper identification of genetic variants. DSP’s N-terminus is a mutational hotspot with 

multiple pathogenic variants, but there are a host of variants of unknown pathogenicity at 

this site as well (Figure 3C) [113]. Determining if these variants are pathogenic or not is a 

difficult task if there is limited clinical information. However, as multiple DSP pathogenic 

variants share a similar mechanism to calpain sensitivity, identifying potential 

pathogenicity in these variants is plausible.  

 While these N-terminal pathogenic variants have been characterized in great detail, 

with further insights being enlightened by our novel mouse model, there remains a 

significant proportion of ACM variants labeled as unknown pathogenicity. Approximately 

77% of DSP variants are classified as UP, making clinical diagnosis difficult [113]. By 

analyzing these UP variants, we have identified additional calpain sensitive variants by 

both in silico and in vitro techniques. It is important to note that more variants were 

determined to be calpain sensitive via biochemical techniques, suggesting additional 

factors are involved in determining degradation sensitivity outside of the interactions and 

exposure of the main calpain target site. It is important to consider that there additional, 
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poorly characterized calpain target sites outside of this main site linked ACM. Our previous 

research on pathogenic variants did determine one variant enhanced the sensitivity of a 

minor calpain target site [76], and select UP variants were determined to interact with, or 

directly lie in minor calpain sensitive sites (Table 5). These suggest that variants may still 

experience increased sensitivity to calpain despite minimal alterations to the major site, 

and novel/uncharacterized minor calpain target sites need to be examined in further detail. 

While the need to better understand these properties is imperative through MD studies, in 

vitro experiments are necessary to accurately determine the calpain sensitivity to each 

variant.   

Approaches to treatment can vary greatly depending on the disease causing variant 

and the symptoms of each patient. Despite the shared mechanism of degradation via calpain 

in multiple DSP and PKP2 variants, calpain inhibitors are not physiologically viable due 

its essential role in muscle tissue as previously described. However, protecting DSP from 

calpain is a potential approach to explore in more detail. Using a large aromatic ring 

introduced by the L518Y variant in DSP, calpain sensitivity was mitigated when introduced 

in recombinant protein expressing select pathogenic variants as previously described [97]. 

This increased stability shows promise that calpain sensitivity can be overcome. 

Identifying large molecules or antibodies that can appropriately target DSP that remain 

continuously active without toxic effects may be challenging. However, this is a promising 

approach for a personalized treatment that may benefit multiple families with DSP/PKP2 

sensitive variants [76, 97, 114]. Once developed, this could be administered into DspR451G/+ 

to potentially protect DSP protein levels, as well as prevent cardiac dysfunction following 
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stress induction. Beyond these novel therapeutic approaches, other therapeutic approaches 

can be evaluated independently or in conjunction. β-blockers are frequently prescribed to 

ACM patients as well as those with other arrhythmic disorders [45, 339-341]. By blocking 

the β-adrenergic pathway, PKA and CaMKII activity is restricted, preventing the 

phosphorylation of calcium handling proteins and preventing overactive calcium signaling 

[129]. This is particularly effective for preventing arrhythmias during physical exertion or 

emotional distress [341]. While no calcium defects have been identified to date in the 

DspR451G/+ model, calcium activates calpain activity and assists in translocating it to the ID 

via CaMKII [115, 127, 328], suggesting it may be beneficial to prevent arrhythmia 

formation in the DspR451G/+ mouse model. Additionally, GSK3β inhibitors have be shown 

to be successful in multiple models of ACM [109, 197]. While this pertains more to Wnt/β-

catenin signaling, this is also an alternative approach if PKG/β-catenin expression is found 

to be disrupted in DspR451G/+ mice following stress.   

 Murine models are acknowledged to have limitations in regards to the physiological 

representation to humans, specifically in terms of cardiac function. Firstly, the rodent 

model has significantly increased heart rate compared to humans, where the reliance on 

rapid contractions and filling is required for optimal cardiac output [342]. This results in 

mice only being able to have a minimal increase in heart rate during stress/exercise when 

compared to humans (~40% increase compared to ~170% increase) [343-346]. This results 

in humans having more regulatory ability to increase cardiac output through manipulation 

of stroke volume and heart rate [80]. Additionally, there is a significant reduction in AP 

duration, as well as AP morphology (rapid repolarization with an absent plateau phase) in 
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mice [80, 347-349]. Protein isoform and phosphorylation statuses can vary significantly 

between rodents and humans, where rodents display increased αMHC/βMHC ratio [80, 

350-352], increased N2B/N2BA titin ratios [353-355], and increased troponin I 

phosphorylation [356-358]. Calcium signaling also displays variabilities, where 

sarcoplasmic-reticulum calcium ATPase (SERCA) requesters more calcium in rodents, as 

the sodium calcium exchanger (NCX) plays a significantly reduced role [359-361]. Due to 

these alterations, the translatability of research conducted on murine disease models to 

human patients should be taken with caution, especially when studying therapeutic 

approaches.  

The use of human derived iPSCs to produce EHT or other cardiac derived tissue 

has been an effective approach to overcome animal limitations. They have the most 

genotypic relevance towards humans, and has shown to be effective for identifying changes 

in gene/protein expression, changes in electrical conduction and contractility, and has even 

been implemented in pharmacological intervention studies [76, 362-363]. While an 

effective complementary model, there are limitations as this is not true cardiac tissue. EHT 

lacks the appropriate expression of other cells within the heart (epithelial, fibrotic, immune 

cells, neurons, etc.), each of which contributing significantly towards appropriate heart 

function and may be related to disease pathogenicity. Additionally, while electrical 

conductions can be observed, the global consequences of these defects on cardiac function 

cannot be determined in this model. Despite this, the use of EHT has been instrumental in 

improving our understanding of cardiac disorders, and is a useful model to use in 

conjunction with mouse studies.  
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 Despite these limitations, this research addresses many gaps of knowledge in ACM 

research and aims to improve the development of more accurate ACM models in the future, 

as well as improved diagnosis and treatments of patients through personalized medical 

approaches. Molecular studies have also confirmed additional variants of unknown 

pathogenicity share increased sensitivity to calpain, suggesting this may be an effective 

risk factor for diagnosis of ACM, and may be a useful target to provide personalized care 

for patients with calpain sensitive variants. While these variants seem to have a gradient in 

terms of sensitivity to calpain, this may explain the differences in disease phenotypes 

among different familial variants, and external stress is a significant factor in the variance 

in phenotype within the same family. 
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Appendix A. Chapter 2 Tables 
Gene Protein Structure or 

Location 
Pathogenic 
Variants* 

ACM 
Prevalence** Phenotype References 

PKP2 Plakophilin-2 ID/desmosome 171 23.4–57.6% RV dominant ACM 
[85, 159-
160, 164, 
175-177] 

DSP Desmoplakin ID/desmosome 86 1.6–15.7% 

RV, LV, and 
biventricular ACM, 

DCM, Carvajal 
syndrome 

(recessive), 
palmoplantar 
keratoderma, 

additional cutaneous 
diseases. 

[85, 159-
160, 164, 
175-177] 

DSG2 Desmoglein-2 ID/desmosome 50 4.0–20.4% RV and 
biventricular ACM 

[85, 159-
160, 164, 
175-177] 

DSC2 Desmocollin-2 ID/desmosome 42 1.0–8.3% RV, LV, and 
biventricular ACM 

[85, 159-
160, 164, 
175-177] 

JUP 
Junction 

plakoglobin 
(PKG) 

ID/desmosome 15 <1–3.0% 

RV dominant ACM, 
Naxos disease 

(recessive), 
palmoplantar 

keratoderma, woolly 
hair disease 

[85, 159, 
164, 177] 

CTNNA
3 α-T-catenin ID/area 

composita 2 

<2.6% 
(among ACM 
cases without 

common 
mutation) 

RV dominant ACM [218] 

DES Desmin 
Intermediate 

filaments/cytos
keleton 

11 <1–2.2% 

RV and 
biventricular 

dominant ACM. 
DCM, HCM, DRM, 
muscular dystrophy 

[177, 219-
220, 223] 

LMNA Lamin A/C Nuclear 
envelope 16 3.5–3.7% 

RV and 
biventricular 

dominant ACM. 
DCM, HCM, 

muscular dystrophy 

[176-177, 
229] 

PLN Phospholamba
n 

Sarcoplasmic 
reticulum 4 2.2–12.4% 

RV, LV, and 
biventricular 

dominant ACM, 
DCM 

[153, 159-
160, 164] 

TMEM
43 

Transmembran
e protein 43 

(LUMA) 

Nuclear 
envelope/ID 3 <1–2.2% 

RV, LV, and 
biventricular 

dominant ACM, 
DCM, muscular 

dystrophy 

[159-160, 
164, 177, 

364] 

 
Continued 

Table 1: A list of all genes linked to ACM/ARVC.  
 
Table 1 Continued  
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Gene Protein Structure or 

Location 
Pathogenic 
Variants* 

ACM 
Prevalence** Phenotype References 

TTN Titin Sarcomere 10 

<1% (18.4% 
of ACM 

cases 
negative for 
variants in 
common 
genes) 

RV and 
biventricular 

dominant ACM, 
DCM, HCM, 

muscular 
dystrophy 

[238-239] 

FLNC Filamin C Sarcomere/I
D  

<1% (7.5% 
of ACM 

cases 
negative for 
variants in 
common 
genes) 

RV, LV, and 
biventricular 

dominant ACM, 
DCM, restrictive 
cardiomyopathy 

[171, 245, 247] 

SCN5A 
Sodium 
channel 
Nav1.5 

Cell 
membrane  <1–1.8% 

RV dominant 
ACM, DCM, 

HCM, Brugada 
syndrome, long QT 

syndrome 

[160, 215, 250] 

TJP1 
Zonula 

occludens 1 
(ZO1) 

ID/tight 
junction  

<1% (<5% 
of ACM 

cases 
negative for 
variants in 
common 
genes) 

RV, LV, and 
biventricular 

dominant ACM 

[160, 250, 253, 
365] 

CDH2 N-Cadherin ID/adherens 
junction  

<1% (2.7% 
of ACM 

cases 
negative for 
variants in 
common 
genes) 

RV and 
biventricular ACM [253-255, 365] 

ANK2 Ankyrin B 
(AnkB) 

Z-lines/T-
tubules  Unknown 

RV dominant 
ACM, long QT-
syndrome, atrial 

Fibrillation, 
ankyrin-B 
syndrome 

[109, 254-255] 

 
Table provides information of the localization of each gene product in the cell, along with 
the count of ACM linked variants and associated phenotype. *Variant count determined by 
those listed within the ARVC database [113, 173]. **Prevalence calculated by the 
percentage of ACM cases with an identified mutation in the gene of interest vs. total ACM 
cases). Abbreviations: RV, right ventricle; LV, left ventricle; ACM, arrhythmogenic 
cardiomyopathy; ARVC, arrhythmogenic right ventricular cardiomyopathy; DCM, dilated 
cardiomyopathy; HCM, hypertrophic cardiomyopathy; DRM, desmin related myopathy. 
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Appendix B. Chapter 3 Tables 
Sex 

Genoty
pe 

IVSd 
(cm) 

LVIDd 
(cm) 

EDV 
(mL) 

LVPWd 
(cm) 

IVSs 
(cm) 

LVIDs 
(cm) 

ESV 
(mL) EF% FS% 

LVPWs 
(cm) 

Male Control 0.04 0.41 0.17 0.05 0.05 0.3 0.07 56.75 25.31 0.07 

Male Control 0.05 0.39 0.15 0.04 0.07 0.28 0.06 60.69 27.71 0.07 

Male Control 0.05 0.35 0.11 0.06 0.06 0.23 0.03 70.75 34.62 0.07 

Male Control 0.04 0.39 0.15 0.06 0.05 0.29 0.06 58.10 26.09 0.06 

Male Control 0.05 0.37 0.13 0.06 0.06 0.28 0.06 57.47 25.68 0.07 

Male Control 0.04 0.42 0.18 0.05 0.05 0.29 0.06 65.82 31.17 0.07 

Male Control 0.04 0.42 0.19 0.05 0.06 0.31 0.08 57.84 26.00 0.06 

Female Control 0.04 0.34 0.1 0.06 0.05 0.26 0.05 53.89 23.50 0.09 

Female Control 0.03 0.34 0.1 0.05 0.05 0.25 0.04 59.76 27.00 0.06 

Female Control 0.04 0.36 0.12 0.05 0.05 0.25 0.04 67.01 31.87 0.06 

Female Control 0.04 0.35 0.11 0.05 0.06 0.23 0.03 70.53 34.45 0.07 

Female Control 0.05 0.35 0.11 0.06 0.06 0.27 0.05 53.51 23.30 0.07 

Female Control 0.04 0.36 0.12 0.05 0.05 0.27 0.05 57.56 25.70 0.06 

Female Control 0.05 0.38 0.14 0.06 0.08 0.25 0.04 68.56 33.04 0.09 

 
Mean ± 

SEM 
0.0429 ± 
0.00163 

0.374 ±  
0.00760 

0.134 ± 
0.00796 

0.0536 ± 
0.00169 

0.0571 ± 
0.00244 

0.269 ±  
0.00662 

0.0514 ± 
0.00390 

61.30 
± 1.61 

28.25 
± 1.06 

0.0693 ± 
0.00267 

             

Male R451G+ 0.05 0.42 0.19 0.06 0.07 0.3 0.07 63.49 29.60 0.07 

Male R451G+ 0.04 0.39 0.15 0.05 0.06 0.25 0.04 72.31 35.93 0.07 

Male R451G+ 0.05 0.42 0.18 0.06 0.06 0.33 0.09 50.53 21.77 0.09 

Male R451G+ 0.04 0.39 0.15 0.06 0.05 0.3 0.07 53.49 23.38 0.07 

Male R451G+ 0.04 0.35 0.11 0.06 0.05 0.25 0.04 63.04 29.13 0.09 

Male R451G+ 0.05 0.36 0.12 0.05 0.06 0.25 0.04 63.89 29.72 0.08 

Male R451G+ 0.04 0.35 0.11 0.06 0.06 0.25 0.04 61.33 28.02 0.07 

Male R451G+ 0.04 0.39 0.15 0.06 0.05 0.28 0.06 60.98 27.90 0.08 

Male R451G+ 0.03 0.37 0.13 0.06 0.06 0.28 0.06 57.11 25.45 0.08 

Male R451G+ 0.04 0.4 0.16 0.06 0.05 0.29 0.06 59.05 26.69 0.08 

Female R451G+ 0.03 0.37 0.13 0.07 0.06 0.28 0.06 55.78 24.66 0.08 

Female R451G+ 0.04 0.39 0.14 0.05 0.05 0.3 0.07 53.28 23.25 0.05 

Female R451G+ 0.03 0.37 0.13 0.04 0.05 0.26 0.04 66.04 31.22 0.06 

 
Continued 

 
Table 2: Full list of echocardiographic findings from DspR451G/+ mice and control 
littermates. 
 
 
 
Table 2 Continued  
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Sex 

Genoty
pe 

IVSd 
(cm) 

LVIDd 
(cm) 

EDV 
(mL) 

LVPWd 
(cm) 

IVSs 
(cm) 

LVIDs 
(cm) 

ESV 
(mL) EF% FS% 

LVPWs 
(cm) 

Female R451G+ 0.04 0.37 0.13 0.06 0.05 0.26 0.04 65.80 31.05 0.08 

Female R451G+ 0.04 0.38 0.13 0.05 0.05 0.29 0.06 54.22 23.77 0.06 

Female R451G+ 0.04 0.36 0.12 0.05 0.05 0.27 0.05 57.56 25.70 0.06 

Female R451G+ 0.03 0.39 0.15 0.05 0.07 0.27 0.05 65.70 31.03 0.07 

 
Mean ± 

SEM 
0.0394 ± 
0.00160 

0.381 ± 
0.00511 

0.140 ± 
0.00542 

0.0559 ± 
0.00173 

0.0559 ± 
0.00173 

0.277 ± 
0.00554 

0.0553 ± 
0.00355 

60.21 
± 1.40 

27.55 
± 

0.900 
0.0729 ± 
0.00268 

            

 p-value 0.145 0.437 0.547 0.353 0.669 0.330 0.470 0.612 0.616 0.346 
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Sex Genotype 

RR 
Interval 

(s) 
Heart Rate 

(BPM) 

PR 
Interval 

(s) 

P 
Duration 

(s) 

QRS 
Interval 

(s) 
QT Interval 

(s) QTc (s) 
Tpeak Tend 
Interval (s) 

Male Control 0.0841 715.1 0.0311 0.00830 0.00996 0.0197 0.0215 0.00790 

Male Control 0.105 573.4 0.0316 0.0103 0.0117 0.0202 0.0197 0.00595 

Male Control 0.101 601.8 0.0320 0.00953 0.0108 0.0210 0.0209 0.00815 

Male Control 0.0871 691.7 0.0315 0.00940 0.0110 0.0220 0.0236 0.00990 

Female Control 0.0871 690.0 0.0320 0.00843 0.0112 0.0213 0.0229 0.00675 

Female Control 0.0881 683.8 0.0340 0.00880 0.00987 0.0195 0.0208 0.00664 

Female Control 0.0834 720.5 0.0336 0.00940 0.00942 0.0194 0.0213 0.00872 

Female Control 0.0813 738.3 0.0329 0.00940 0.00998 0.0208 0.0231 0.00682 

 
Mean ± 

SEM 
0.0896 ± 
0.00305 

676.8 ±    
20.7 

0.0323 ± 
0.000376 

0.00919 
± 

0.000229 
0.0105 ± 
0.000285 

0.0205 ± 
0.000334 

0.0217 ± 
0.000473 

0.00760 ± 
0.000461 

          

Male R451G+ 0.0852 705.7 0.0326 0.0103 0.0101 0.0215 0.0234 0.00972 

Male R451G+ 0.0952 635.4 0.0325 0.00848 0.0117 0.0234 0.0240 0.0105 

Male R451G+ 0.103 587.4 0.0319 0.00825 0.0117 0.0223 0.0220 0.00834 

Male R451G+ 0.0923 655.3 0.0334 0.00868 0.0115 0.0214 0.0223 0.00819 

Female R451G+ 0.0836 719.6 0.0327 0.00988 0.0097 0.0208 0.0228 0.00630 

Female R451G+ 0.0874 688.5 0.0309 0.00889 0.0098 0.0235 0.0252 0.01173 

Female R451G+ 0.0876 688.3 0.0330 0.00876 0.0089 0.0199 0.0213 0.00988 

 
Mean± 
SEM 

0.0905 ± 
0.00251 

668.6 ±  
17.3 

0.0324± 
0.000302 

0.00903 
± 

0.000285 
0.0105 ± 
0.000428 

0.0218 ±  
0.000499 

0.0230 ± 
0.000493 

0.00924 ± 
0.000674 

          

 p-value 0.829 0.769 0.859 0.672 0.947 *0.0429 0.0914 0.0609 

 
Table 3: ECG findings from conscious mice without anesthetic or catecholaminergic 
stimulation. 
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Appendix C. Chapter 4 Tables 
 

DSP Variants Pathogenicity Distance (Å) from calpain 
target site (Residue 448)  

Q271K Unknown 47.5 
W285G Unknown 27 
S299R Pathogenic 3.7 
I305F Unknown 8.6 
R315C Unknown 21.7 
N375I Pathogenic 5.2 
L392P Unknown 24.4 
I399M Unknown 34.8 
K401N Unknown 38.6 
N408K Unknown 54.1 
E422K Pathogenic 40.8 
S442F Pathogenic 12.4 
I445V Pathogenic 7.6 
K449T Unknown 2.5 
R451G Pathogenic 3.5 
N458Y Pathogenic 15.4 
K470E Pathogenic 23.4 
Y494F Unknown 16.1 
S507F Pathogenic 10.5 
L547R Unknown 51.7 

 
Table 4:  DSP variant distance from calpain target site
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  Wildtype Q271K R315C L392P I399M K401N N408K E422K 
Position AA CC GPS CC GPS CC GPS CC GPS CC GPS CC GPS CC GPS CC GPS 

273 Q  0.791  0.685  0.791  0.791  0.791  0.791  0.791  0.791 
277 Q  0.630  0.630  0.630  0.630  0.630  0.630  0.630  0.630 
280 S  0.715  0.606  0.715  0.715  0.715  0.715  0.715  0.715 
315 R  0.693  0.693  0.427  0.693  0.693  0.693  0.693  0.693 
316 M  0.658  0.658  0.541  0.658  0.658  0.658  0.658  0.658 
323 E  0.622  0.622  0.356  0.622  0.622  0.622  0.622  0.622 
327 N  0.606  0.606  0.606  0.606  0.606  0.606  0.606  0.606 
330 K  0.954  0.954  0.954  0.954  0.954  0.954  0.954  0.954 
338 L  0.565  0.565  0.565  0.565  0.565  0.565  0.565  0.565 
339 N 18.24 0.717 18.24 0.717 18.24 0.717 18.24 0.717 18.24 0.717 18.24 0.717 18.24 0.717 18.24 0.717 
389 E  0.601  0.601  0.601 17.87 0.935  0.601  0.601  0.601  0.601 
393 K  0.622  0.622  0.622  0.310  0.622  0.622  0.622  0.622 
394 G        0.568         
400 R 15.27  15.27  15.27  15.27  14.86  14.59  15.27  15.27  
401 K 15.32  15.32  15.32  15.32  14.59  13.13  16.11  15.32  
422 E  0.745  0.745  0.745  0.745  0.745  0.745  0.745  0.886 
429 L                0.568 
430 E  0.584  0.584  0.584  0.584  0.584  0.584  0.584  0.671 
432 K  0.709  0.709  0.709  0.709  0.709  0.709  0.709  0.709 
439 V  0.880  0.880  0.880  0.880  0.880  0.880  0.880  0.880 
440 N  0.660  0.660  0.660  0.660  0.660  0.660  0.660  0.660 
441 K 16.05  16.05  16.05  16.05  16.05  16.05  16.05  16.05  
447 Q 17.60 0.565 17.60 0.565 17.60 0.565 17.60 0.565 17.60 0.565 17.60 0.565 17.60 0.565 17.60 0.565 
448 L  0.568  0.568  0.568  0.568  0.568  0.568  0.568  0.568 
449 K 15.59 0.774 15.59 0.774 15.59 0.774 15.59 0.774 15.59 0.774 15.59 0.774 15.59 0.774 15.59 0.774 
450 P 16.15  16.15  16.15  16.15  16.15  16.15  16.15  16.15  
455 Y 15 0.595 15 0.595 15 0.595 15 0.595 15 0.595 15 0.595 15 0.595 15 0.595 
456 R  0.573  0.573  0.573  0.573  0.573  0.573  0.573  0.573 
490 R 17.29  17.29  17.29  17.29  17.29  17.29  17.29  17.29  
495 V 17.11  17.11  17.11  17.11  17.11  17.11  17.11  17.11  
503 M 15.22  15.22  15.22  15.22  15.22  15.22  15.22  15.22  
509 G 15.69  15.69  15.69  15.69  15.69  15.69  15.69  15.69  
510 L 17.12  17.12  17.12  17.12  17.12  17.12  17.12  17.12  
511 I 21.25  21.25  21.25  21.25  21.25  21.25  21.25  21.25  
512 I 15.68  15.68  15.68  15.68  15.68  15.68  15.68  15.68  
547 L 15.69  15.69  15.69  15.69  15.69  15.69  15.69  15.69  

Table 5: Calpain targeting prediction values for each pathogenic and UP DSP variants.                             
Continued 
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Table 5 Continuted  
  S442F I445V K449T R451G N458Y Y494F S507F L547R 

Position AA CC GPS CC GPS CC GPS CC GPS CC GPS CC GPS CC GPS CC GPS 
273 Q  0.791  0.791  0.791  0.791  0.791  0.791  0.791  0.791 
277 Q  0.630  0.630  0.630  0.630  0.630  0.630  0.630  0.630 
280 S  0.715  0.715  0.715  0.715  0.715  0.715  0.715  0.715 
315 R  0.693  0.693  0.693  0.693  0.693  0.693  0.693  0.693 
316 M  0.658  0.658  0.658  0.658  0.658  0.658  0.658  0.658 
323 E  0.622  0.622  0.622  0.622  0.622  0.622  0.622  0.622 
327 N  0.606  0.606  0.606  0.606  0.606  0.606  0.606  0.606 
330 K  0.954  0.954  0.954  0.954  0.954  0.954  0.954  0.954 
338 L  0.565  0.565  0.565  0.565  0.565  0.565  0.565  0.565 
339 N 18.24 0.717 18.24 0.717 18.24 0.717 18.24 0.717 18.24 0.717 18.24 0.717 18.24 0.717 18.24 0.717 
389 E  0.601  0.601  0.601  0.601  0.601  0.601  0.601  0.601 
393 K  0.622  0.622  0.622  0.622  0.622  0.622  0.622  0.622 
394 G                 
400 R 15.27  15.27  15.27  15.27  15.27  15.27  15.27  15.27  
401 K 15.32  15.32  15.32  15.32  15.32  15.32  15.32  15.32  
422 E  0.745  0.745  0.745  0.745  0.745  0.745  0.745  0.745 
429 L                 
430 E  0.584  0.584  0.584  0.584  0.584  0.584  0.584  0.584 
432 K  0.709  0.709  0.709  0.709  0.709  0.709  0.709  0.709 
439 V  0.880  0.880  0.880  0.880  0.880  0.880  0.880  0.880 
440 N  0.660  0.660  0.660  0.660  0.660  0.660  0.660  0.660 
441 K 16.05  16.05  16.05  16.05  16.05  16.05  16.05  16.05  
447 Q 17.60 0.424 18.04 0.625 16.86 0.598 18.3 0.677 17.60 0.565 17.60 0.565 17.60 0.565 17.60 0.565 
448 L  0.315  0.617  0.582  0.453  0.568  0.568  0.568  0.568 
449 K 15.59 0.609 15.59 0.815 14.61 0.821 16.47 0.747 15.59 0.774 15.59 0.774 15.59 0.774 15.59 0.774 
450 P 16.15  16.15 0.543 18.39 0.611 15.02  16.15  16.15  16.15  16.15  
455 Y 15 0.595 15 0.595 15 0.674 15 0.484 14.95 0.508 15 0.595 15 0.595 15 0.595 
456 R  0.573  0.573  0.530  0.443  0.440  0.573  0.573  0.573 
490 R 17.29  17.29  17.29  17.29  17.29  18.08  17.29  17.29  
495 V 17.11  17.11  17.11  17.11  17.11  17.04  17.11  17.11  
503 M 15.22  15.22  15.22  15.22  15.22  15.22  15.53  15.22  
509 G 15.69  15.69  15.69  15.69  15.69  15.69  14.32  15.69  
510 L 17.12  17.12  17.12  17.12  17.12  17.12  16.15  17.12  
511 I 21.25  21.25  21.25  21.25  21.25  21.25  21.25  21.25  
512 I 15.68  15.68  15.68  15.68  15.68  15.68  15.68  15.68  
547 L 15.69  15.69  15.69  15.69  15.69  15.69  15.69  17.64  

Continued 
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CALPCLEAV (CC) and GPS-CCD 1.0 software prediction of DSP residues 270-550. Threshold of 15 for CC and 0.537 for GPS used 
to determine likely target sites. Values smaller and larger than wild type are indicated in blue and red respectively 
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