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The cardiovascular system is critically important in the transport of oxygen and 

nutrients in higher organisms. Much is known about the genetic basis for cardiovascular 

disease and yet it is becoming increasingly clear that we do not fully understand how changes 

in a patient’s genetic makeup affects their cardiovascular function. This dissertation is 



	  

 xx	  

comprised of several projects related by their investigation of, and applications towards, the 

multigenic basis for cardiovascular disease.  

The goal of the first study was to determine the contribution of common genetic 

variation to establishing human heart rate variability (Chapter 2). We determined that a variant 

in the 3’-UTR of CYB561 was associated with heart rate variability and elucidated the 

molecular and functional consequences of microRNA regulation of CYB561 in establishing 

heart rate. The second study (Chapter 3) describes a novel technique for generating patient-

specific induced pluripotent stem cells (iPSCs) with several advantages over exiting methods. 

We determined iPSCs derived via this method were capable of differentiating into cells of all 

three germ layers including contractile cardiomyocytes. The third study (Chapter 4) describes 

the use of iPSC to study the genetic, molecular, and cellular basis for Danon disease in human 

cardiomyocytes. Cardiomyocytes harboring mutations in the LAMP2 gene exhibited increased 

mitochondrial oxidative stress, apoptosis, and calcium handling dysregulation.  

The fourth and final study of this dissertation (Chapter 5) examines the digenic basis 

for cardiomyopathy within a large family presenting with high rates of dilated cardiomyopathy. 

We identified novel variants in the genes VINCULIN and TROPOMYOSION1 and determined 

that these variants cosegregated among all affected family members and combinatorially 

predispose to dilated cardiomyopathy. We introduced these variants into mice and observed 

that the combination of these variants results in diminished contractile function of the mouse 

heart consistent with patient phenotypes. 

These studies describe new findings concerning the genetic basis for cardiovascular 

disease and advancing techniques that will enable the further study of genetic interaction of 

novel variants. A better understanding of the multigenic genetic basis for disease may promote 

novel therapeutic strategies to help address the worldwide leading cause of morbidity and 

mortality. 



 

 1 

 
 
 
 
 
 
 
 

 
 

Chapter 1 
 

The Role of Genetic Variation in Human 
Cardiovascular Disease



	  

	  

2 

Abstract 

 This chapter serves as an introduction to the role of genetic variation in human 

cardiovascular disease. It begins with an introduction to cardiovascular biology and human 

genetics and goes on to examine the genetic basis for some cardiovascular diseases. Next, we 

explore the methods used to complete functional analysis of genetic variants associated with 

cardiovascular disease and some of the studies using these techniques. Finally, this chapter 

concludes with remaining questions in the genetic basis for cardiovascular disease.  

  

Dissertation Introduction 

Introduction to cardiovascular disease and human genetics   

The human cardiovascular system is a complex organ system comprised of arteries, 

veins, and capillaries, which together encompass the vasculature, and the heart, which 

generates the pressure gradient necessary for blood to flow through the vasculature. This 

system is critically important for the proper circulation of oxygen, nutrients, blood cells, and 

many other components necessary throughout the body. The loss of an intact cardiovascular 

system is rapidly incompatible with life in all organisms large enough to require a circulatory 

system to overcome the limitations of diffusion in transporting oxygen, nutrients, and waste 

products in multicellular organisms.   

 

Significance of cardiovascular disease 

 Together, cardiovascular diseases are the leading cause of morbidity and mortality 

worldwide and are predicted to increase as populations age and adopt calorie rich diets(1, 2). 

Occlusive vascular diseases such as stroke and atherosclerotic myocardial infarction comprise 

a large fraction of the morbidity and mortality of cardiovascular disease but primary diseases 

of the heart also present a severe disease burden. Hypertrophic cardiomyopathy (HCM) is the 
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leading cause of sudden cardiac death among young athletes while dilated cardiomyopathy 

(DCM) is the leading indicator for heart transplant. Sadly the number of people on the waiting 

list for a heart transplant, due to DCM and other causes, far exceeds the amount of donor 

hearts available and many people with end-stage heart failure will die waiting for a transplant 

to become available (1). Hypertension is a risk factor for many cardiovascular diseases 

including myocardial infarction, stroke and cardiomyopathy (1, 2). While it is clear that many 

of these pathologies have a hereditary component, the genetics governing these processes are 

clearly understood in a small fraction of cardiovascular disease. 

 

Cardiomyocyte structure and function 

Cardiomyocytes form the main working cell type of the heart and are responsible for 

generating the mechanical force necessary for cardiac contraction. The protein apparatus that 

converts chemical energy into mechanical force is a specialized cytoskeletal system called the 

sarcomere (3). The sarcomere is complex set of cytoskeletal proteins which function to slide 

thick and thin filaments across each other and transmit the force generated during this process 

to adjacent cells and tissue. Components of the sarcomere are joined together via intercalated 

discs (ICD) at cardiomyocyte ends and costameres, which connect the cell membrane to the 

sarcomere at the Z-disk. Control of cardiomyocyte and sarcomeric contraction is governed by 

electrical depolarization of the myocardium and the various ion fluxes that occur within 

cardiomyocytes and at the cell membrane during this process. Mutations in genes encoding 

many of the proteins responsible for these functions are known to give rise to cardiovascular 

disease (4-6). 

 

Genetic variation in the human population  
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The human genome is composed of more than 3 billion base pairs and ~20,000 coding 

genes comprising roughly 1% of total DNA. While the remaining 99% of genomic DNA 

(gDNA) had been previously termed “Junk DNA” it is becoming increasingly clear that there 

are important regulatory elements within the non-coding sequences of DNA including those 

adjacent to coding genes and those located further away from genes (7). The studies outlined 

in this dissertation have focused on variations in, and adjacent to, protein coding genes. The 

elements adjacent to protein coding genes include enhancers, promoters, 5’- and 3’-

untranslated regions (5’- and 3’-UTRs) and introns which regulate the transcription and 

translation of genes necessary to ensure coordinated gene expression in different cell types.  

 A draft of the human genome was published in 2001 which established a reference 

sequence that has since been refined as sequencing techniques advance and more individuals 

are sequenced (8). Variations that deviate from this sequence but have not been definitively 

proven to be pathogenic or benign are termed variants of unknown significance (VUS). When 

variations from this reference sequence are identified within a genotyped population we can 

calculate a minor allele frequency (MAF) which provides a measure of how frequent a 

variation is within a population. Variants that alter a single amino acid within the coding 

sequence of a gene are “nonsynonymous” and are the most common type of variant to result in 

Mendelian diseases (9). Additional classes of variations in coding sequences and adjacent 

regions include insertions or deletions (indels) and substitutions that result in premature stop 

codons (nonsense variants).  

The 1000 genomes project was established in an attempt to catalogue the variation in 

the human genome and address the question of how much variation there is between 

individual humans. This study found an average of four million variants per genome 

indicating that approximately 99.9% of our genome is shared across our species (10). 

Furthermore, only a small fraction of typical human variation is within the protein-coding 
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exome: there are generally on the order of 10,000 non-synonymous variants, an equal number 

of synonymous variants, and 100-200 stop or splice-altering variants per genome 

sequenced(11). 

 

Determination of variant pathogenicity 

However, even this level of variation is substantial and presents major challenges 

when trying to predict whether variants may be pathogenic or benign. Without very large 

databases with good phenotype and sequence data it is often difficult to draw adequately 

powered conclusions about the nature of genotype-phenotype relationships of genetic 

variations. Traditionally human genetic studies were limited to rare, highly penetrant variants 

with large effect sizes within small cohorts (Mendelian variants) (12). The tendency for 

pathogenic variants to segregate with disease, and not with related family members who do 

not present with disease, is one of the strongest lines of evidence that a geneticist can follow to 

draw correlation between a phenotype and a putatively causal genetic variation. More 

recently, researchers have expanded this paradigm to common variants in larger cohorts 

searching for the genetic basis of common diseases in genome wide association studies 

(GWAS) (12, 13).  

Despite ever-improving statistical tools to draw correlations between genotypes and 

phenotypes, association analyses cannot evaluate the pathogenicity of novel variants identified 

in an individual. There is, therefore, a large interest in stratifying variant predicted 

pathogenicity via computational approaches. Current leading computational models for 

predicting pathogenicity of nonsynonymous variants such as SIFT, PolyPhen-2 and VEST 

incorporate “standard parameters” including conservation, variant rarity, similarity to 

previously reported variants, and amino acid side chain charge and shape (14-16). However, 

these computational models have had limited acceptance in the clinical arena where a very 



	  

	  

6 

high confidence level is necessary to report a variant as pathogenic. Clearly, much remains to 

be elucidated before clinical use of genetic information can reach its full potential.  

 

The genetics of human cardiovascular disease 

Cardiomyopathies 

Cardiomyopathies are a debilitating set of diseases that primarily affect cardiac 

myocytes and encompass DCM and HCM, as well as less common forms of cardiomyopathy. 

DCM is characterized by an enlarged left ventricle that, in part due to its enlargement, is not 

able to efficiently eject blood from the heart into the systemic vasculature and thus fails to 

meet the perfusion requirements of the body (heart failure). There are limited treatment 

options once DCM has progressed to heart failure and, if patients survive to this stage, the 

preferred treatment is heart transplantation (1, 5, 17). DCM may affect as many as 1:250 to 

1:2500 individuals and can be the result of environmental or genetic insults (5, 18). 

 HCM accounts for more than one third of sudden deaths in young athletes and the first 

symptom many individuals present with is sudden cardiac death (SCD) (19). Hallmark 

characteristics include excessive growth of the left ventricle (particularly the inter-ventricular 

septum) which can be so severe as to block the outflow of blood from the heart and lead to 

heart failure.  

 

The genetics of cardiomyopathies 

Over 1000 variations in more than 40 genes have been associated with 

cardiomyopathies. These genes encode sarcomeric, ion transport, cytoskeletal linker proteins 

and more (5, 20, 21). Cardiac sarcomeric and cytoskeletal genes account for the majority of 

these genes are highly conserved across vertebrates. However, missense variants are found in 

these genes in human populations at rates far exceeding that of primary cardiomyopathies 
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(NHLBI GO Exome Sequencing Project (ESP), Seattle, WA (URL: 

http://evs.gs.washington.edu/EVS/) [July, 2014]) (5, 18, 22). Thus there is a great challenge 

when attempting to interpret the consequences of novel and rare variants, even within genes 

known to be associated with disease, in the clinical setting. Even the pathogenicity of ”known 

pathogenic” variants is being called into question based on allelic frequency of reported 

cardiomyopathy-associated variants (22). 

Despite the fact that over 40 cardiomyopathy-associated genes have been identified, 

the genetic basis for inherited cardiomyopathies with a presumed genetic component has been 

only been determined in approximately 30-60% of cases (5). DCM is usually inherited 

autosomal dominantly, often with incomplete penetrance while HCM is more often fully 

penetrant (23). There is substantial overlap between genes associated with DCM and HCM as 

well as left ventricular non-compaction (LVNC) and arrhythmogenic right ventricular 

cardiomyopathy (AVRC), though fewer genes have been reported to be associated with LVNC 

and ARVC than DCM or HCM (5, 21). 

 

Genetics of Danon disease 

 Another class of inherited diseases with prominent cardiovascular features include 

glycogen storage diseases and metabolic cardiomyopathies (24, 25). These include Barth 

Syndrome, Nieman-Pick, Gaucher, Pompe and Danon diseases, among others. Originally 

classified as a glycogen storage disease, Danon disease is now classified as a lysosomal 

myopathy and presents with many symptoms common to glycogen storage diseases including 

vacuole accumulation in skeletal and cardiac muscle (24). Danon disease is caused by 

mutations in the gene LYSOSOME-ASSOCIATED MEMBRANE PROTEIN 2 (LAMP2), which 

is located on the X chromosome (26). The vast majority of variants in LAMP2 associated with 

Danon disease result in frameshift, nonsense or affect splicing of the LAMP2 transcript (27). 
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Because this gene is X-linked, Danon disease primarily affects males, with 

heterozygous/carrier females generally presenting with milder or no symptoms (27). 

Symptoms of Danon disease include cognitive deficits, cardiac conduction abnormalities, and 

skeletal and cardiac myopathy that can lead to HCM or DCM (27).  

   

Genetics of common cardiovascular diseases 

 Numerous studies have established genetic links between rare and common variants 

and common cardiovascular diseases such as hypertension, stroke, and hyperlipidemia (28-

32). These related and interacting pathologies have been studied extensively due to the large 

contribution of these diseases to cardiovascular morbidity and mortality. In anticipation of 

studies reported in Chapter 2 we will focus on the genetics of heart rate (HR) variability. 

Control of human heart rate is mediated primarily by the autonomic nervous system of which 

the parasympathetic (vagal) branch depresses HR while the sympathetic branch stimulates HR 

and cardiac contractility via catecholamine release. Genetic variations in many genes 

necessary for the synthesis and secretion of catecholamines (including epinephrine and 

norepinephrine) have been shown to be associated with control of HR (33-37). 

Sustained elevated blood pressure (hypertension), while often asymptomatic, affects 

over one quarter of all adults worldwide and increases the risk for cardiac dysfunction (by 

increasing the pressure the heart must pump against), stroke, and chronic kidney disease (38).  

Increased heart rate, in the absence of physiologic demand and decreased peripheral vascular 

resistance, can lead to increases in blood pressure and is predictive of lifespan and mortality 

risk (39-41). The establishment of heart rate is a complex combinatorial integration of 

multiple physiologic factors and there is ample opportunity for multiple genetic variant 

interactions in the determination of heart rate. While many of the variants associated with 

common disease processes like hypertension, hyperlipidemia, and elevated heart rate have 
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small effect sizes the aggregate effect of these many variants in combination likely establishes 

much of the common genetic basis for cardiovascular disease risk. 

 

Functional analysis of variants associated with cardiovascular disease 

Genomic editing of model organisms 

Many association studies have implicated genetic variation in cardiovascular and non-

cardiovascular disease but it is functional evaluation of these variants that confirms that they 

are pathogenic. Introducing patient-identified variants into a model organism is one of the best 

ways to do determine whether or not the variation causes observable pathologies. One of the 

most tractable systems to genetically study cardiovascular disease is the mouse (42). For many 

years homologous recombination to knockout a gene or introduce a variant was the gold 

standard for genetic manipulation of the mouse. However this process is time consuming due 

to intermediate steps of targeting stem cell lines and creating chimeric mice, which must be 

outcrossed. With this method it is also difficult to introduce patient-specific variants without 

also introducing exogenous DNA necessary to select for homologous recombination events 

and there is the concern that any phenotype observed in targeted mice may not be specific to 

the introduced patient variant. Non-homologous, transgenic overexpression of variants is less 

technically demanding but introduces concerns over unknown integration sites and artificial 

expression levels. 

Zinc finger nucleases (ZFNs) and transcription activator-like effector nucleases 

(TALENs) are chimeric nucleases that recognize specific DNA sequences and introduce 

double strand breaks in adjacent genomic DNA. Addition of an exogenous genetic repair 

template harboring a variation of interest can result in specific introduction of this variant into 

a host genome. Non-homologous end joining-mediated indels may also comprise useful 

variations for study as they often ablate gene function. Both gene disruption and 
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addition/correction have been applied across a range of organisms using these techniques (43-

46). However, substantial effort is required to generate nucleases that specifically target a 

sequence of interest.  

Recent developments in the use of the clustered regularly interspaced short 

palindromic repeats (CRISPR) / Cas (CRISPR-associated) system in genomic editing has 

generated much excitement for the prospect of using this system across a broad range of 

applications (47). The general concept of introducing a targeted double strand break in a 

region of interest and potentially inserting a variation of interest in this region is the same in 

ZFNs, TALENs and CRISPR-mediated genomic editing. The fact that the CRISPR system 

uses a guide RNA to target the region of interest, rather than protein-based nucleotide 

recognition of ZFNs and TALENs however, makes the design and synthesis of CRISPR-

targeting system much quicker and simpler than alternative methods. CRISPR-mediated 

genomic editing also appears to be more efficient than TALEN-based strategies (48).  

The function of the CRISPR/Cas system was first described in detail as a bacterial 

adaptive immune response to phage infection in 2007 (49). Briefly, exogenous nucleic acid 

from attacking phage is incorporated into the CRISPR locus, separated by short spaces, 

adjacent to the Cas operon. The operon is transcribed resulting in biogenesis of the CRISPR 

RNA which contains phage DNA and adapter sequences which form hairpin structures that are 

then recognized by Cas proteins. It is then the CRISPR/Cas complex that recognizes 

complementary phage sequences and generates double strand breaks (49-52). This system has 

been used to generate double stranded breaks and introduce variants in a wide range of model 

organisms including plants, bacteria, nematodes, fruit flies, zebrafish, mice, and human 

indicating a wide applicability and reproducibility across many genetic systems (53-60).	  It has 

long been challenging to functionally assess the consequences of novel VUS in relevant model 

systems. The advent of CRISPR-mediated genomic editing techniques have dramatically 
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decreased the cost and time necessary to generate genetic models of human disease and this 

technology may become an increasingly important tool in genetic research (59).	  

 

Use of iPSC-derived cardiomyocytes to study cardiovascular disease 

Another method for functionally studying the genetic basis for disease that has made 

rapid advances in recent years is induced pluripotent stem cell (iPSC) modeling of disease. 

Historically it has been difficult to procure some primary human tissues for research, 

particularly in diseases that primarily affect the brain and the heart, largely because these are 

essential tissues that do not have significant regenerative capacity. The advent of iPSC 

technologies, coupled with directed-differentiation techniques, now affords researchers the 

ability to study human disease phenotypes in a dish, in human cell types of interest, in the 

exact genetic background of patients known to have disease. 

The process of reprogramming mouse fibroblasts to a pluripotent state was originally 

developed in 2006 and was extrapolated to human fibroblasts in 2007 (61-63). These 

strategies used retroviruses to deliver the reprogramming factors OCT4, SOX2, KLF4 and c-

MYC or OCT4, SOX2, NANOG and LIN28 (62, 63). Further studies have shown that a wide 

range of techniques can be used to deliver reprogramming factors with success to several cell 

types, though the reprogramming factors themselves have not changed substantially (64). 

Some of the first studies using iPSC-derived cardiomyocytes to study cardiovascular disease 

examined the cellular and molecular basis for cardiovascular diseases in long QT, LEOPARD, 

and Timothy syndromes (65-67). These studies recapitulated some of the known cardiac 

phenotypes in iPSC-derived cardiomyocytes and either described further, unknown molecular 

and cellular phenotypes of these diseases or demonstrated therapeutic efficacy of targeted 

small molecules, thus furthering our understanding of the pathogenesis of these diseases (65-

67). More recently, iPSC-cardiomyocytes from families with DCM and HCM have been 
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studied to elucidate the mechanisms of TNNT2 and MYH7 mutations in human 

cardiomyocytes (68, 69). Beyond sarcomeric cardiomyopathies, iPSC-cardiomyocytes derived 

from Barth syndrome patients demonstrated that mutation of the TAFAZZIN gene resulted in 

metabolic deficiencies associated with impaired mitochondrial function (70).  

 Because iPSC and derived cell types can be made from patients with known or 

unknown genetic etiologies, iPSC-derived cardiovascular cells can potentially be used to help 

to diagnose disease, determine the molecular and genetic basis for disease, and search for new 

therapeutic strategies to treat cardiovascular disease. In the setting of complex genetic 

backgrounds with multiple variants potentially contributing to disease, utilizing iPSC-derived 

cardiovascular cells may prove particularly useful because iPSC-derived cells contain the 

exact genetic background of the patient of interest and may best recapitulate the complex 

interaction of multiple variants.  

 

Remaining questions in genetic basis for cardiovascular disease 

 In cardiomyopathies less than half of heredity is explained by variants in known genes 

while common variants explain even less (<10%) of common disease heritability (5, 71). Have 

we just not found all of the low effect size variants due to underpowered studies or is a more 

complex, non-additive paradigm at play? It has been suggested that variant-variant 

interactions may account for some of this unexplained heritability of disease but to what 

extent is this an important disease mechanism (71, 72)? To date it has been difficult to conduct 

combinatorial association analyses on large populations due to rarity of variants and 

underpowered sample sizes. Current studies of multigenic disease are largely limited to highly 

penetrant variants in large families. This is because it is difficult to identify multiple instances 

of variant combinations outside of genetically related cohorts. Ideally these association studies 
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would be functionally validated to gather increased confidence in the importance of 

multigenic disease inheritance, though to date this has not been achieved in relevant systems. 

 Addressing the contribution of novel VUS to disease remains a major barrier to 

applying the rapid advances in sequencing technology to human health and disease. The 

challenge of interpreting multiple variants in the context of one another is beginning to be 

recognized as well (71-74). The cardiovascular system is complex and subject to many 

different pathologies, in many cell types under the control of environmental factors and 

genetics. Only by understanding the interaction between variants associated with 

cardiovascular disease processes are we going to be able to deliver rational, targeted therapies 

to individuals with genetic predisposition to disease. 

 

Dissertation Organization 

 Chapter 2 introduces work done in collaboration with Kuixing Zhang and colleagues 

on the role of common variation in the 3’-UTR of CYB561 in establishing heart rate 

heritability. Chapter 3 introduces work done in collaboration with Naohisa Yoshioka and 

colleagues on developing a novel method of reprogramming cells to a pluripotent state. 

Chapter 4 introduces work done in collaboration with Sherin Hashem, Cynthia Perry and 

colleagues on the function of variants in the LAMP2 gene in cardiac autophagy and disease. 

Chapter 5 details work led by Dekker Deacon on the digenic basis for cardiomyopathy in a 

large cohort.  
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Summary 

 This chapter serves to introduce work completed in conjunction with collaborators in 

Dr. Daniel O’Connor’s laboratory on the effect of a common variant affecting the post-

translational regulation of a transcript involved in establishing heart rate. While other chapters 

(Chapters 4 and 5) focus on rare variants with more penetrant gene-disease relationships, this 

chapter examines the subtle effects of a common variant to a process known to be related to 

cardiovascular disease pathogenesis. This study took a population-level genetic approach to 

examine common human variability contributing to a complex process and was then 

confirmed molecularly and functionally in vitro.  

 We determined that a variation in the 3’-untranslated region (3’-UTR) of the 

cytochrome b561 (CYB561) gene (A+1485G (rs3087776)) explained a substantial fraction of 

the heritability of heart rate variability, both in the resting state and in response to stress. The 

“G” variant at this allele disrupts a highly conserved predicted binding site of micro-RNA-

1294 (miRNA-1294). We confirmed that miRNA-1294 negatively regulates CYB561 mRNA 

transcripts and that the CYB561 3’-UTR A+1485G variant inhibits this process in cultured 

human cells. We were further able to confirm that this miRNA-3’-UTR interaction confers a 

change in contraction rate of embryoid body (EB)-derived human cardiomyocytes. 

Transfection of miRNA-1294 mimic significantly lowered EB contraction rates while a 

miRNA-1294 antagomir, which inhibits miRNA-1294 function, significantly increased 

contraction rate of EBs. In summary, the CYB561 3’-UTR A+1485G variant disrupts the 

binding site of miRNA-1294 and relieves negative regulation of CYB561 by miRNA-1294, 

which in turn results in an increase in basal and induced heart rates. We conclude that this 

common polymorphism accounts for a significant effect in governing heart rate heritability 

and therefore downstream processes known to be associated with cardiovascular pathologies.  
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Discussion 

 Studies encompassing population genetic studies with appropriate molecular and 

cellular functional validation, such as those detailed in this chapter, continue to increase our 

understanding of the genetic basis for cardiovascular disease. Future studies might leverage 

techniques described in Chapter 3 to study iPSC-derived cardiomyocytes from individuals 

harboring different genotypes at this locus in order to confirm this mechanism across multiple 

genetic backgrounds. Alternatively, CRISPR-mediated genomic editing of a model organism 

(described in Chapters 5) would enable in vivo confirmation of miRNA-1294-CYB561-

regulated control of heart rate. Increasing recognition of the genetic components that govern 

heart rate variability might help stratify medical treatment of hypertensive patients and lead to 

new therapeutic avenues to treat hypertension. 
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Summary 

 This chapter serves to introduce work done in collaboration with colleagues in Dr. 

Steven Dowdy’s laboratory to develop a novel method of reprogramming human fibroblasts to 

a pluripotent state. The evolving technologies that this chapter details may enable future 

studies like those in described in Chapter 4 and may eventually help answer remaining 

questions posed in Chapters 2 and 5. In this work we describe and validate a new technique 

for generating induced pluripotent stem cells (iPSC) that offers several advantages over other 

techniques. An RNA replicon derived from the Venezuelan equine encephalitis (VEE) virus 

was engineered to contain combinations of the reprogramming factors OCT4, KLF4, SOX2, 

and c-MYC or GLIS1. Introduction of this replicon into human fibroblasts elicits a robust 

interferon-innate immune response but the addition of the B18R peptide from the Western 

vaccinia virus abrogates this response and constructs carrying combinations of the 

reprogramming factors were able to efficiently generate iPSCs. These iPSCs were confirmed 

to express protein and RNA markers characteristic of pluripotent cells as well as demonstrate 

epigenetic modifications consistent with this process. Withdrawal of the B18R protein from 

the iPSC culture media resulted in rapid clearance of the replicon by an innate immune 

response but iPSCs retained characteristics associated with pluripotentcy. iPSC lines generated 

using this method were capable of differentiating to cell types specific to all three germ layers 

in teratoma assays as determined both histologically and by immunostaining for markers of 

proteins specific to each germ layer. 

Important to the relevance of this system for studying the genetics of cardiovascular 

disease, these iPSCs were also capable of differentiating to cardiomyocytes. These 

cardiomyocytes exhibited organized expression of the sarcomeric markers TNNT2 and 

ACTN1 and were capable of spontaneous contraction, indicating functional activity of many 

additional cardiac muscle proteins. We conclude that this novel system efficiently and 
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reproducibly reprograms fibroblasts to iPSCs capable of differentiating to multiple lineages 

including cardiomyocytes for the study of genetic cardiovascular disease.  

 

Discussion 

This method of generating iPSCs, and others like it, offers the ability to study disease 

pathogenesis in the cell type and species of interest, which is critically important in disease 

processes that may be uniquely human. In contrast to many of the other techniques developed 

to generate iPSCs, VEE replicon-mediated reprogramming only requires a single treatment, 

poses minimal integration risk, clears quickly upon withdrawal of B18R, and allows for 

constant expression ratios of reprogramming factors, an important aspect of efficient 

reprogramming. By facilitating the process of reprogramming cells to a pluripotent state, this 

technique may encourage the use of iPSCs to study increasingly complex genetic diseases. 

Because iPSCs contain the exact and complex genetic background of a person of interest, they 

might prove useful for studying genetic disease when multiple causal or modifier genes are 

expected. If relevant phenotypes are observed in the iPSC-derived cell types of interest, 

systematic genomic editing or “repair” or suspected deleterious variants or modifier variants 

could be used to prove causality of variants and variant combinations.  
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Summary 

 This chapter serves to introduce work done in collaboration with co-workers in Dr. 

Adler and Chi’s laboratory on the role of patient variants in LAMP2 in the etiology of Danon 

disease in patient fibroblasts and iPSC-derived cardiomyocytes. In this study we identified 

two families with two different variations in the LAMP2 gene (c.129insAT and IVS-1 c.64+1 

G>A) and sought to determine if these variants led to comparable pathological processes in 

human cells. We demonstrated that these variants both resulted in no LAMP2 protein 

expression due to dramatically reduced LAMP2 mRNA levels, which could be rescued by the 

inhibitor of translation and nonsense-mediated decay (NMD), cycloheximide (CHX). In 

patient fibroblasts these variants in LAMP2 resulted in impaired autophagic flux, accumulation 

of autophagic vacuoles and mitochondrial fragmentation. We utilized techniques similar to 

those reported in Chapter 3 to generate iPSCs from patients in these families. In iPSC-derived 

cardiomyocytes these variants resulted in the pathologies observed in patient fibroblasts as 

well as cardiomyocyte hypertrophy, abnormal calcium handling, and increased expression of 

natriuretic peptides. Patient iPSC-derived cardiomyocytes also exhibited increased 

mitochondrial oxidative stress and apoptosis compared to control cells and these phenotypes 

were rescued to varying degrees by the antioxidant N-acetylcystine (NAC) or LAMP2 

overexpression. We conclude that loss of function variants in LAMP2 lead to increased 

oxidative stress, mitochondrial dysfunction and cell death in Danon cardiomyocytes and that 

NAC might serve as a novel therapeutic to combat the disease progression in this setting by 

decreasing reactive oxygen species-induced cell death and dysfunction.  

 

Discussion  
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In diseases like Danon disease that affect the heart and/or the brain, organs which do 

not exhibit significant regenerative capacity, the use of iPSC technology will allow for cellular 

study of genetic disease in ways not previously possible. We have employed these techniques 

to mechanistically study human cardiomyocytes to determine that multiple patient variations 

in LAMP2 result in disease pathologies associated with Danon disease and that these effects 

may be reversed by administration of NAC. Having established a model system with 

observable, clinically relevant phenotypes of Danon disease allows us to further elucidate the 

molecular mechanisms of LAMP2 deficiency pathogenesis and work towards novel 

therapeutic strategies. Similar strategies could be applied towards understanding the cellular, 

molecular, and therapeutic implications of complex and multigenic cardiovascular 

disease. Determining whether different combinations of variations result in unique or common 

pathogenic processes will be useful in predicting the consequences of novel combinations of 

variants discovered in patients and ultimately in guiding treatment options.  
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Abstract 

This chapter is adapted from work led by Dekker Deacon under the supervision of 

Neil Chi. This chapter builds from and combines many of the clinical, statistical, molecular, 

cellular, and functional approaches described in previous chapters to complete an in-depth 

examination of the role of novel variants in the genetic basis for disease. We have identified a 

large family presenting with multiple cases of dilated cardiomyopathy (DCM) across four 

generations that appears to be inherited in an autosomal dominant, incomplete penetrance 

pattern. Within this cohort we found rare variants in VINCULIN (VCL) and TROPOMYOSIN1 

(TPM1) that cosegregate with disease and characterized the molecular consequences of these 

variants in patient fibroblasts. We generated a mouse model harboring these variants to 

determine that they do, in combination, result in decreased cardiac contractile function, 

consistent with variant cosegregation observed in the large family. Together, these studies 

highlight the complexity of the genetic basis for human cardiovascular disease and argue for 

the continued study of large families to elucidate the contribution of rare variants to disease.  

 

Introduction 

Multiple variants in over 40 genes have been associated with DCM, often with 

variable penetrance and substantial overlap with arrhythmogenic right ventricular 

cardiomyopathy (ARVC) and hypertrophic cardiomyopathy (HCM) associated genes (5, 20). 

Many of these genes encode proteins of the sarcomere, cytoskeleton, and desmosome. Adding 

to the complexity of interpreting the clinical significance of novel variants to the development 

of cardiomyopathy, it is becoming increasingly recognized that the combination of variants 

can lead to or exacerbate disease pathogenesis. The first example of digenic inheritance of any 

disease was the report that unlinked variants in the genes PRPH2(RDS) and ROM1 give rise to 

retinitis pigmentosa, a degenerative retinal disease that results in progressive vision loss and 
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blindness (78). Since then relatively few reports have been published noting the digenic 

inheritance of disease (an average of fewer than four papers per year from 1994-2012) (1, 2, 

72). Recently, a number of studies describing multigenic associations of variants with 

cardiomyopathies have been reported, highlighting the possibility that a substantial fraction of 

cardiomyopathies may have multigenic etiology (1, 79-84). 

Several groups have reported the cosegregation of two or three variants in sarcomeric 

proteins with hypertrophic cardiomyopathy in medium and large cohorts (1, 2, 83, 84). Xu and 

colleagues have also reported a single patient with ARVC presenting with digenic 

heterozygosity of variants in PLAKOPHILIN-2 and DESMOPLAKIN (3, 81). Analysis of a 

large Italian cohort identified variants in LAMIN A/C(LMNA) and TITIN(TTN) that 

cosegregated with dilated cardiomyopathy (4-6, 79). While several individuals within this 

cohort harboring LMNA variants alone required heart transplantation, individuals with both 

LMNA and TTN variants exhibited further decline in cardiac function and required heart 

transplantation significantly earlier than their relatives with the LMNA variant alone. Similarly, 

Wells and colleagues have reported multiple instances of DCM in a family with variants in 

MYBPC3 and VCL where individuals with variants in both genes presented with more severe 

symptoms than those with single variants (7, 80). However, to date, none of these multigenic 

associations have been confirmed experimentally. 

VINCULIN (VCL) is a component of the cellular cytoskeleton where it acts as an 

intermediate to link components of the actin network to the extracellular matrix (ECM) via 

membrane-spanning anchoring proteins (8, 85-88). VCL is a ~116 kDa protein composed of 

globular head and tail domains, separated by a flexible linker region.  In an inactivated state in 

the cytosol, the tail domain is thought to mask many of the binding sites in the globular head 

(9, 85). VCL is activated by binding to one or more binding partners (predominantly Talin and 

α-actinin) thus exposing binding sites for its many other binding partners (10, 85, 89-91). 



	  

	  

60 

Vinculin shares homology, and operates cooperatively, with α-catenin to link cell-cell-

adhesion-protein cadherins to the actin cytoskeleton (11, 92). Balaban and colleagues have 

shown in fibroblasts and cardiomyocytes that force is transmitted from the actin cytoskeleton 

or sarcomere through VCL-containing focal adhesion complexes, in proportion to the amount 

of VCL in the complexes (12, 93).  

Together with its various binding partners which include Talin, Paxillin, α-actinin, 

integrins, LIMS1 and PTK2 among many others, VCL is one of the major components of the 

focal adhesion complex (12, 13, 85). The striated muscle equivalent of the focal adhesion 

complex is the costamere, which bridges integrin- and dystrophin-containing complexes to the 

Z-disk of the sarcomere in a spatially regulated manner (14-16, 87, 94). The muscle and 

platelet enriched splice isoform METAVINCULIN(MVCL) contains an additional exon coding 

for 68 amino acids, which may act in cooperation with the predominant transcriptional product 

of VCL (1, 5, 17, 94-96). 

In addition to linking the sarcomere to the ECM via integrins at costameres, within 

cardiac muscle VCL is also known to localize to the intercalated discs (ICDs) between 

cardiomyocytes which are important for electrical coupling of cardiomyocytes and adherens 

junctions and desmosomes which maintain cell-cell integrity of cardiac tissue (5, 18, 94, 97). 

Vcl has recently been shown to directly interact with the tight junction protein Zonula 

occludens-1(ZO-1 (Tjp1)) which in turn interacts with Connexin 43 (Gja1) (19, 98, 99). At 

both ICDs and costameres of cardiomyocytes, VCL links the actin cytoskeleton to adjacent 

tissue to enable mechanotransduction of physical forces to the cell interior and vice versa (5, 

20, 21, 87, 94, 100). 

Mouse transgenic experiments and human genetic studies have implicated roles for 

the costameric protein VCL in the pathology of dilated cardiomyopathy. Variants in VCL and 

in the muscle-enriched splice isoform, MVCL, have been associated with both DCM and HCM 
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in small cohorts or individual patients (5, 18, 22, 80, 101-105). More recently, it has been 

reported that four distinct loss-of-function (nonsense or frameshift) variants had been 

identified in VCL in four DCM patients genetically screened for variants in cardiomyopathy-

associated genes (22, 106). Based on these findings, the authors of this study suggest that loss-

of-function VCL variants may comprise an emerging rare cause of DCM (5, 106). 

Knockout of the Vcl allele in mouse revealed that this gene is necessary for embryonic 

viability as homozygous inactivation resulted in lethal heart development and neural tube 

fusion defects by embryonic day 10.5 (E10.5) (23, 107). Additionally, fibroblasts isolated 

from Vcl -/- embryos adhered poorly to several ECM components and migrated faster than 

wild type (WT) fibroblasts in wound healing assays, demonstrating the importance of Vcl in 

cellular attachment to the ECM. Further study of this model in the heart demonstrated that Vcl 

+/- mice did demonstrate abnormal organization of the ICD and prolonged QRS duration but 

were largely normal physiologically in basal conditions (5, 21, 97). However, when these mice 

were subjected to the pressure overload stress, transverse aortic constriction (TAC), they 

exhibited increased mortality consistent with an observed decrease in left ventricular 

contractile function (24, 25, 97). Homozygous, cardiac-specific disruption of the Vcl locus 

also led to decreased contractile function, cardiac hypertrophy and dilatation (24, 108). The 

onset of these dilated cardiomyopathy-associated phenotypes was preceded by disruption of 

ICD organization, abnormal ventricular electrical conduction, non-sustained polymorphic 

ventricular tachycardia and increased mortality (26, 108). 

Tropomyosin proteins form alpha helical, coiled coil, homo- and hetero-dimers to 

interact with actin filaments and the striated muscle specific isoform of TROPOMYOSIN1 

(TPM1)(also known as α-Tropomyosin) is critical for proper actin-myosin interaction in the 

sarcomere (27, 109). Alpha helices are secondary protein structures formed from conserved 

seven amino acid repeats (heptads), stabilized by the regular pattern of hydrophobic and 
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hydrophilic residues that promote helical organization (27, 110, 111). TPM1 acts to modulate 

sarcomeric sensitivity to intracellular calcium in order to coordinate contractile function in 

addition to regulating actin filament stability and organization (27, 109, 112, 113). TPM1 

binds to sarcomeric actin filaments and in the absence of Ca2+ resides in a lateral position of 

the actin filament and blocks sarcomeric myosin interaction with actin (28-32, 109). When 

cardiac depolarization occurs and Ca2+ levels increase, Ca2+ ions bind to the Troponin C 

subunit of the Troponin complex which then induces a conformational shift in Troponin T and 

Troponin I, relieves Troponin I inhibition of myosin ATPase activity, and shifts TPM1 to the 

central grove of the actin double helix. This allows the myosin head to come in contact with 

the lateral residues on sarcomeric actin filaments and contraction to occur. The net result of 

this activity is a dynamic response of sarcomere contractility to intracellular calcium fluxes.  

Variations in the TPM1 gene have been associated with DCM, HCM, and left 

ventricular non-compaction (23, 33-37, 114-126). Of particular interest to this study, two 

mutations in the N-terminal region of TPM1 have been reported to be associated with DCM 

(38, 114). Both of these mutations, Glu40Lys, and Glu54Lys, substitute a highly conserved 

negatively charged residue to a positively charged one in the “e” position of the alpha helical 

heptad. The transgenic overexpression of one of these variants (Tpm1 p.E54K) resulted in 

cardiac hypertrophy, decreased cardiac contractility and increased mortality in mice (39-41, 

127). Consistent with the fact that all disease-associated variants in TPM1 are missense 

variants, the heterozygous mouse knockout of Tpm1 does not exhibit evident cardiac 

pathologies (42, 126, 128, 129). Homozygous ablation of Tpm1 results in akinetic hearts, 

failure to form striated myofibrils, cardiac dilatation and embryonic lethality (43-46, 112, 128, 

129).   

 To further understand how variants in cardiomyopathy-associated genes might act 

combinatorially to promote disease pathogenesis we have identified a family with multiple 
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generations of cardiomyopathy and variants in VCL and TPM1. We have generated a mouse 

model harboring these variants to study the physiologic, cellular, and molecular consequences 

of human genetic variation at these loci. 

 

Results  

We identified a patient presenting with severe heart failure due to DCM necessitating 

heart transplant at 14 years of age (Proband, Figure 5.1). His father was also diagnosed with 

DCM, while his sister, who had a normal heart by echocardiography at 12 years of age, died 

suddenly from sudden cardiac death (SCD) during the course of this study. An initial clinical 

genetic screen of known cardiomyopathy-associated genes identified two heterozygous 

variants in all three of these family members: VCL c.659dupA (p.Asn220fs (p.N220fs)) and 

TPM1 c.97G>A (p.Glu33Lys (p.E33K)) . Following the death of the proband’s sister due to 

SCD with early cardiomyopathic changes discovered on autopsy, we began investigating the 

clinical history of members of the extended family. We discovered that another branch of the 

family had multi-generational inheritance of DCM with one individual diagnosed at age six 

months. Additionally, the great grand-uncle of the proband was diagnosed with and died from 

complications of DCM. We tracked these candidate variants across 31 family members of the 

extended cohort and determined that the combination of both VCL and TPM1 variants 

cosegregated with all six family members diagnosed with cardiomyopathy (Figure 5.1).  

Interestingly, four patients have also tested positive for both variants but do not 

display signs of cardiomyopathy, either by echocardiogram (two) or symptomatically (two) 

indicating that the combination of these two variants is not fully penetrant. There are a number 

of family members that have single variants in either VCL or TPM1, though to-date none have 

developed symptoms of cardiomyopathy.  
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It is often difficult to assign pathogenicity of novel variants in clinical settings due to 

incomplete penetrance and limitations of family size and participation in determining variant 

cosegregation. However, the size of this large cohort, with multiple generations of affected 

patients, allows us to perform statistical analysis of variant-disease cosegregation despite 

incomplete penetrance of disease phenotypes. Within this cohort, it appears that both variants 

in VCL and TPM1 are derived from one lineage common to all members of this cohort at the 

level of the proband’s great-grandparents. Given that there is no evidence for bilineality in this 

cohort, non-parametric statistics that do not take into account family structure approximate the 

probability that these genotypes and phenotypes are non-randomly distributed. By Chi2/ 

Fisher’s Exact Test analysis, there is significant correlation with the VCL c.659dupA, TPM1 

c.97G>A genotype and cardiomyopathy (p=0.00015) while the VCL c.659dupA and TPM1 

c.97G>A variants alone cosegregate with disease to a less significant extent (p=0.01316 and 

0.00441 respectively). Furthermore, the combination of VCL and TPM1 variants associates 

significantly with cardiomyopathy by mixed linear model association analysis (β: 0.425198 

(p<0.001)) (47, 130, 131). 

Assuming population prevalence of DCM at 1/250-1/2500, the odds ratio (OR) for 

VCL/TPM1 double heterozygote individuals is 375-3750 and relative risk (RR) is 150-1500 

(Figure 5.1B) (5, 48). The OR and RR for the VCL c.659dupA variant are 150-1500 and 93.7-

937 respectively while the OR and RR for TPM1 c.97G>A are 187.5-1875 and 107-1071 

(Figure 5.1C). Due to the presence of single variants in unaffected individuals and the 

combination of both variants in all affected individuals within this cohort, the VCL 

c.659dupA, TPM1 c.97G>A genotype is the most statistically linked genotype to 

cardiomyopathy across all of the analyses we have performed. Although this combination has 

not been proven to be definitively pathologic by cosegregation alone, the significant p-values 

by multiple methods indicate that there is a strong likelihood that these variants act 
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cooperatively to promote cardiomyopathy in this cohort.  

Though not proof of a variant’s pathogenicity, the rarity of a candidate variant is 

necessary when analyzing rare diseases because variants with significant disease-associated 

burden are thought to be selected against over time in the general population. Common 

variants, many of which may be able to co-segregate with any phenotype in a family due to 

high abundance, are not likely to be responsible for rare diseases. We have determined that the 

variants identified in this cohort are extremely rare in the general population (Exome 

Aggregation Consortium (ExAC), Cambridge, MA (http://exac.broadinstitute.org) [April, 

2015]). VCL c.659dupA was present in 1/120,760 alleles analyzed for a population frequency 

of 0.000008281% while TPM1 c.97G>A was not present in 49,976-69,152 exomes analyzed 

and is considered a private mutation (Figure 5.1C). The coverage of the TPM1 locus is lower 

than average due to its proximity to a splicing junction and only ~50% of individuals analyzed 

have genetic coverage greater than 10x in this region.   

Consistent with the observation of incomplete penetrance of cardiomyopathic features 

within this cohort, the severity of disease and age of onset within affected individuals varied 

widely (Table 5.1). The proband (Patient A) and his second cousin (Patient F) were both 

diagnosed with heart failure due to dilated cardiomyopathy at very early ages though Patient 

F’s uncle (Patient E) and grandmother (Patient D) were diagnosed much later in life with less 

severe dysfunction and have not required surgical treatment. Patient C demonstrated normal 

heart size and function by echocardiography at age 12 (Table 5.1) but had mild to moderate 

cardiac hypertrophy upon autopsy, consistent with early changes associated with dilated 

cardiomyopathy. Additionally, increased interstitial and perivascular fibrosis were evident in 

trichrome stained heart sections compared to normal adult heart (Figure 5.2, yellow 

arrowheads).  
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Table 5.2: Known dilated cardiomyopathy-associated genes sequenced in the proband and 
first-degree family members. 
 

ABCC9 ACTC ACTN2 CSRP3 CTF1 
DES EMD LDB3 LMNA MYBPC3 

MYH7 PLN SGCD TAZ TCAP 
TNNI3 TNNT2 TPM1 VCL  

 

The 19 genes in Table 5.2 had been reported to be associated with dilated 

cardiomyopathy at the time of analysis and were analyzed together in a clinical sequencing 

panel by a combination of oligonucleotide hybridization sequencing and Sanger sequencing. 

The results of this test reported two variants “VINCULIN (VCL) c.659dupA (p.Asn220fs) exon 

6, likely pathogenic” and “TROPOMYOSIN1 (TPM1) c.97G>A (p.Glu33Lys) exon1, 

unknown significance”.  The variant in VCL was reported to be likely pathogenic due to the 

fact that it causes a frameshift-stop early in the coding sequence of the protein while the TPM1 

variant was reported as a variant of unknown significance (VUS) because it results in a protein 

coding change but has not been associated with disease. The sequencing results from the 

clinical testing of the proband have since been published and deposited in the online database 

ClinVar (http://www.ncbi.nlm.nih.gov/clinvar) (49, 106). The VCL variant has since been 

assigned the dbSNP identifier rs397517245 while the TPM1 variant has been assigned the 

identifier rs397516397.  

The clinical genetic screening undertaken for the proband and first-degree family 

members was limited to 19 genes associated with cardiomyopathy rather than the whole 

genome. Because additional genes have been shown to be associated with cardiomyopathy 

since the time of testing, we undertook an exome-wide approach to examine whether any other 

chromosomal regions that cosegregate with disease could be identified. We used Illumina 

HumanCoreExome-12 v1-1 BeadChip arrays containing >500k SNVs on the genomic DNA 

(gDNA) from individuals marked with a dot in Figure 5.1 to generate a high-resolution 
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linkage map between common variants and disease (Figure 5.3). We selected a subset of 

individuals from this cohort that would be most informative for whom sufficient, high quality 

gDNA was available. These included all available affected individuals (four), obligate carriers 

(two), and one well-phenotyped (normal echocardiogram at age 76) family member older than 

one standard deviation of the mean onset of disease age (29y. +/-23), and two individuals who 

have not been diagnosed with cardiomyopathy but do harbor both VCL c.659dupA and TPM1 

c.97G>A variants.  

In order for any common polymorphism or chromosomal segment to cosegregate with 

disease better than the combination of VCL c.659dupA and TPM1 c.97G>A variants, it must 

be present in six individuals (all analyzed affected patients and obligate carriers), not be 

present in any other non-affected individuals, and be absent from one or more of the non-

affected individuals that have both VCL and TPM1 variants. If any variants in the cohort 

subset were shared by all obligate carriers and affected subjects but no unaffected individuals 

(Theta = 0) a significant non-parametric LOD score of 3.3 (Figure 5.3; red line) would be 

calculated. The maximum expected LOD if one non-obligate carrier, VCL +/c.569dupA, 

TPM1 +/c.97G>A individual did not share a chromosomal segment that all non-affected 

individuals did not carry but that all other affected individuals carried would be 1.85 (Theta = 

0.091) (Figure 5.3; green line). No chromosomal segments in this cohort subset fit these 

criteria, therefore no single common polymorphism or chromosomal region shared between 

affected family members cosegregating with disease explains the genetic basis for disease in 

this cohort better than the combination of variants in VCL and TPM1.  

The VCL c.659dupA variant results in a single base pair (bp) insertion in the coding 

sequence of the VCL transcript and consequently a translational frameshift leading to a 

premature stop codon more than 2400bp before the natural stop codon (Figure 5.4A). Such 

premature stop codons have been shown to induce nonsense-mediated decay (NMD) of  
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Figure 5.4: Molecular consequences of novel VCL and TPM1 variants in patient 
fibroblasts. A) The VCL c.659dupA variant (red arrowhead) shifts the reading frame in the 
coding sequence of VCL (p.N220fs) resulting in a premature stop codon 20 codons 
downstream (not shown). B) Relative VCL mRNA levels determined by qRT-PCR across 
three independent control (WT; reference at VCL and TPM1 alleles) and three independent 
patient fibroblast lines samples harboring both VCL c.659dupA and TPM1 c.97G>A 
variants.  Addition of cycloheximide (CHX) (red bars), compared to PBS-treated (blue 
bars) restores VCL mRNA levels to near-WT levels in 2 out of 3 patient fibroblast lines. 
Asterisk indicates p<0.05 compared to WT. (n=3-5 replicates per fibroblast line). C) 
Western blot of VCL protein levels from single control (WT) and patient (DCM; VCL 
c.659dupA, TPM1 c.97G>A) fibroblast lysates. D) Quantitation of C, normalized to 
GAPDH; p=0.007. E) VCL c.659dupA, TPM1 c.97G>A patient fibroblasts have decreased 
levels of full-length VCL protein and do not express an N-terminal truncated peptide 
product. g.gallus vcl 1-257-his is recognized by the N-terminal specific anti-VCL 
antibody, however no truncated peptide is present near the predicted (26.8kDa) range in 
VCL c.659dupA, TPM1 c.97G>A fibroblasts. F) The TPM1 c.97G>A variant (black 
arrow) results in a coding shift from a negatively charged glutamic acid to a positively 
charged lysine residue at position 33 (p.E33K). G) TPM1 mRNA levels at baseline (PBS; 
blue bars) or treated with CHX (red bars). No decrease in TPM1 mRNA levels was 
observed in PBS-treated VCL c.659dupA, TPM1 c.97G>A fibroblasts and no increase was 
observed in CHX treated cells. H) TPM1 E33, E40, and E54 are highly conserved amino 
acid residues. I-J) Schematic of the N-terminal region of human TPM1 protein based on 
the crystal structure reported by Whitby et al, 2000. I) Negatively charged (red) surface 
orientation of the TPM1 E33, E40, and E54 residues. J) Predicted surface charge changes 
to positively charged (blue) lysine residues upon TPM1 E33K, E40K and E54K 
substitutions.  
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messenger RNA (mRNA) to prevent incomplete transcription of partial protein fragments. We 

measured VCL mRNA levels by quantitative reverse transcription polymerase chain reaction 

(qRT-PCR) across three independent fibroblast lines reference across VCL and TPM1 alleles 

and three fibroblasts lines from different patients in this study harboring both VCL c.659dupA 

and TPM1 c.97G>A variants. VCL mRNA levels were significantly reduced by approximately 

50% in fibroblasts harboring these variants compared to WT fibroblasts at baseline (Figure 

5.4B; blue bars, asterisk, p<0.05). Addition of the translation inhibitor cycloheximide (CHX), 

which inhibits the process of NMD, restored VCL mRNA levels to near-WT levels (p<0.05 in 

two of three lines). 

We analyzed patient fibroblast lysates to determine whether this decrease in VCL 

mRNA would lead to decreased VCL protein levels. We observed an approximately 40% 

reduction in full length VCL protein in VCL c.659dupA, TPM1 c.97G>A fibroblasts compared 

to WT (Figure 5.4C-D; p=0.007). Additionally, VCL c.659dupA, TPM1 c.97G>A fibroblasts 

do not express a truncated N-terminal VCL peptide in the predicted size range (26.8 kDa) if 

the transcript containing the frame-shifted stop codon was translated (Figure 5.4E). Together, 

these results lead us to believe that the VCL c.659dupA variant is functionally equivalent to a 

null allele.  

The TPM1 c.97G>A variant is predicted to change codon 33 of the predominant 

TPM1 peptide product from a negatively charged glutamic acid to a positively charged lysine 

residue (Figure 5.5F; p.E33K). This variant does not result in significantly altered TPM1 

mRNA expression in patient fibroblasts either at baseline (PBS; blue bars) or upon addition of 

CHX (Figure 5.5G; red bars). It remains to be determined whether this variant affects TPM1 

protein expression levels. TPM1 E33 is a highly conserved amino acid residue across 

vertebrates and eukaryotes (Figure 5.4H). Within the TPM1 peptide, E33 is located seven and 

21 amino acids before the highly conserved E40 and E54 residues, corresponding to one and  
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Figure 5.5 Distribution of known cardiomyopathy-associated and population variants 
in VCL and TPM1. A) The coding sequence of the VCL gene represented 
schematically. Exons and amino acid (AA) residues at exon-exon junctions are 
indicated. The distribution of protein altering variants identified in a cohort of 6500 
individuals is represented with blue bars. Smaller blue bars indicate an allele count of 
one while larger bars represent variants with an allele count greater than one (allele 
count in parentheses). Exon 19 (MVCL) indicates an alternatively spliced exon, which, 
when included in the VCL transcript gives rise to muscle-specific isoform 
METAVINCULIN. Previously reported, cardiomyopathy-associated variants are 
indicated in green (DCM), red (HCM), or yellow (DCM and HCM). The VCL 
p.N220fs (c.659dupA) variant (marked with green star) identified in this patient cohort 
was also present once across 6500 individuals in the Exome Sequencing Project. B) 
The exonic and amino acid structure of the TPM1 gene is represented schematically as 
described in A). The TPM1 p.E33K (c.97G>A) variant (green star) was not identified 
in currently available population level databases. DCM and HCM variants appear to 
cluster within different regions of the protein and TPM1 p.E33K lies between several 
previously reported, DCM-associated variants.  
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three alpha helical turns respectively. Two DCM-associated variations have been reported at 

the codons for these residues that also mutate conserved, negatively charged glutamate 

residues to positively charged lysine residues (E40K, E54K). The TPM1 E33, E40, and E54 

residues present negatively charged side chains to the surface of the TPM1 coiled coil in close 

physical proximity while the TPM1 p.E33K, p.E40K, and p.E54K substitutions are predicted 

to result in positive surface charge in this region (Figure 5.4I-J) (49-52, 132). 

In order to understand the context of the novel variants we identified within this 

cohort with regard to normal genetic variability and known cardiomyopathy-associated 

variants in VCL and TPM1, we examined the distribution of reported protein altering 

variations in these genes (Figure 5.5). There are over 60 variants that disrupt normal coding 

sequence of the VCL gene reported in the Exome Variant Server, (NHLBI GO Exome 

Sequencing Project (ESP), Seattle, WA (URL: http://evs.gs.washington.edu/EVS/) [July, 

2014]) that have been identified in at least one of the 6,500 individuals analyzed. The majority 

of these variants were reported in only one individual but some were present in up to 17 

individuals (L954del). All but one (R105Q) of the previously reported, cardiomyopathy-

associated variants in VCL were identified within this cohort, as was the VCL c.659dupA 

(p.N220fs) variant (53-60, 80, 101-103, 105). While a number of cardiomyopathy associated 

variants have been reported in the muscle-specific alternatively spliced MVCL exon (exon 19), 

these variants represent some of the most common protein altering variants in VCL (A934V, 

P943A, and L954del) (59, 102, 104). There are also many more missense variants in VCL 

(>95% of protein altering variants) than null (frameshift or nonsense) variants suggesting that 

there may be more selective pressure against null variants than missense variants.  

In the TPM1 gene however, there is a frameshift/null variant (E40fs) that is more 

common than all of the population-level missense variants combined. This relative paucity of 

missense variants in TPM1 suggests that the missense variants in TPM1 may have major 
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deleterious effects and are being more actively selected against than variants in VCL. Another 

observation highlighted by this analysis is that in TPM1 the cardiomyopathy-associated 

variants appear to cluster by disease subtype. There are multiple HCM-associated variants in 

close proximity in exons 2 and 5 while the novel TPM1 p.E33K variant is located in a region 

enriched for DCM-associated variants (23, 61-63, 114-123). 

Statistical analysis of the genotypes and variants in this cohort indicated that the 

combination of both VCL c.659dupA and TPM1 c.97G>A variants is most likely responsible 

for the very high incidence of cardiomyopathy within this cohort but without functional 

testing of this, we cannot exclude the possibilities that the disease phenotypes are not inherited 

genetically or that a single variant is responsible for cardiomyopathy with reduced penetrance. 

To test the hypothesis that neither Tpm1 (c.97G>A) or Vcl (c.659dupA) variant alone is 

sufficient to cause disease but that the combination of these two variants would result in 

DCM-associated phenotypes, we generated a mouse model harboring patient-specific variants 

in Tpm1 and Vcl using CRISPR-mediated genomic editing. By analyzing mice with Tpm1 

(c.97G>A) and Vcl (c.659dupA) variants, alone or in combination, we can dissect the 

contribution of these variants to the development of cardiomyopathy at the physiologic, 

cellular, and molecular levels.  

Both mouse Tpm1 and Vcl are over 99% conserved at the protein level with their 

human orthologs and the mouse, while presenting several differences in cardiac physiology 

from human, has proven a robust model of cardiomyopathy recapitulating many of the key 

hallmarks of disease in numerous models harboring human cardiomyopathy-associated 

variants (42, 62, 63). We have designed guide RNA sequences to target the Vcl and Tpm1 

variant loci using predictive software to minimize off-target site homology and injected this 

guide RNA with Cas9 mRNA and a single strand DNA repair oligonucleotide harboring 

patient-specific variants plus codon-silent restriction fragment length polymorphism (RFLP) 
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substitutions into mouse one-cell zygotes as previously described (Figures 5.6 & 5.7) (60, 64, 

133). 

Injection of these components of the CRISPR system resulted in both targeted editing 

of the loci as well as non-homologous end joining (NHEJ)-mediated introduction of insertions 

and deletions (indels) at the Vcl and Tpm1 loci (Data not shown). Of 35 live mice analyzed 

targeted at the Vcl locus, two contained the targeted insertion plus the RFLP substitution, one 

contained the targeted insertion alone, one contained the RFLP alone, 16 were wild type, and 

15 contained NHEJ-mediated insertions or deletions (indels) near the Cas9 cleavage site. Of 

13 live mice analyzed that were targeted at the Tpm1 locus, two mice showed evidence for the 

targeted, patient-specific substitution plus the RFLP substitution, one contained the Tpm1 

c.97G>A variant alone, five were wild type and five contained NHEJ-mediated indels near the 

Cas9 cleavage site. Evidence of targeted introduction of the patient specific Vcl c.659dupA 

variant in the mouse, with or without the RFLP, is presented in Figure 5.6. Evidence of 

targeted introduction of the patient specific Tpm1 c.97G>A variant in the mouse, with or 

without the RFLP, is presented in Figure 5.7. 

CRISPR-mediated genomic editing has been reported to result in off-target mutations 

(65-67, 134, 135). While target sequences designed to edit the Vcl and Tpm1 loci were 

selected to minimize off-target effects, it is still possible that some off-target activity will 

occur with the introduction of the Cas9 nuclease. In order to address this concern we 

sequenced the top 10 predicted off-target sites for any evidence of DNA cleavage or 

mutagenesis as has been previously reported (60, 65-67, 133). We observed no changes from 

reference sequence at these loci or in flanking regions (Table 5.3).  

The Vcl c.659dupA variant results in a null allele in mouse (Figure 5.8). Vcl protein 

levels in the hearts of mice heterozygous for the Vcl c.659dupA variant are reduced by 

approximately 50% (Figure 5.8A-B, p=0.03). Vcl +/c.659dupA mouse embryos develop  
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normally compared to Vcl +/+ embryos but Vcl c.659dupA/c.659dupA homozygous embryos 

exhibit marked growth retardation, failure of neural tube fusion, failure of cardiac looping, and 

pericardial edema at developmental time points consistent with previously reported ablation of 

the Vcl allele by traditional gene targeting strategies (Figure 5.8C-E) (68, 69, 107). Vcl 

c.659dupA/c.659dupA embryos begin dying between E10.5 and E11.5 and are not identified 

beyond E11.5, though resorbed embryos are observed at E12.5 and beyond (Figure 5.8F). No 

Vcl c.659dupA/c.659dupA animals were viable at birth.  

Previous reports have indicated that sarcomeric and ICD protein organization and 

localization is disrupted in Vcl +/- mouse hearts (70, 97). We therefore analyzed the 

distribution of proteins from these structures in WT and Vcl +/c.659dupA mouse cardiac 

sections. Vcl and Tpm1 localization appears similar in WT and Vcl +/c.659dupA mice with 

Vcl localizing to the ICD and lateral costameres of cardiomyocytes while Tpm1 is distributed 

throughout sarcomeric structures in a striated pattern consistent with its function in thin 

filament structure and regulation (Figure 5.9A-B). Filamentous actin (marked by phalloidin) 

and α-Actinin are also components of the sarcomere and appear to localize normally in WT 

and Vcl +/c.659dupA mice (Figure 5.9C-D). Connexin 43 (Gja1) is primarily restricted to the 

ICD in cardiomyocytes. In WT and Vcl +/c.659dupA mice Gja1 does primarily localize at the 

ICD but many of the ICDs in Vcl +/c.659dupA mouse hearts are widened, consistent with 

reports of this observation and disruption of ICD organization in Vcl +/- mice (Figure 5.9E-F; 

white arrows) (5, 71, 97). 

Left ventricular contractile function is not significantly different between Tpm1 

c.97G>A, Vcl c.659dupA double heterozygous (TV dHet) animals and controls at 10 weeks of 

age but by 16 weeks a significant trend towards decreased contractile function is observed in 

TV dHet mice compared to wild type (WT) and Vcl c.659dupA littermates (Figure 5.10A-B, 

p=0.0129 and 0.0071 respectively). Example m-mode echocardiography tracings from TV  
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dHet and control mice demonstrate decreased left ventricular contractility in double 

heterozygote hearts (Figure 5.10C-F). The onset of this initial trend towards decreased cardiac 

function observed in the TV dHet mice is consistent with the mean age of onset of disease in 

our human cohort in early adulthood.  

Given the systolic dysfunction observed in TV dHet mice, we examined whether 

cardiac hypertrophy was present in mice harboring Tpm1 c.97G>A and Vcl c.659dupA 

variants, alone or in combination. At 16 weeks, there was no significant difference between 

TV dHet mice and controls in several parameters measured by echocardiography. Left 

ventricular mass/body weight (LVM/BW), left ventricular internal dimension at end-diastole 

(LVIDd), left ventricular posterior wall dimension at end-diastole (LVPWDd) and 

interventricular septum dimension at end-diastole (IVSDd) were relatively constant across the 

four genotypes (Figure 5.11A-D). Measurement of the heart weight relative to other body 

dimensions at 13-17 weeks upon sacrifice also revealed that there were no consistently 

different measures of hypertrophy between TV dHet mice and controls (Figure 5.11E-G). The 

systolic dysfunction observed in Figure 5.10, in the absence of cardiac hypertrophy indicates 

that this time point may be reflective of early, pre-remodeling, cardiac dysfunction and that 

additional time points will be necessary to capture further cardiac dysfunction and any 

morphometric differences indicative of dilated or hypertrophic cardiomyopathy.  

 



	  

	  

88 



	  

	  

89 

Conclusions and Discussion 

The studies detailed in this dissertation highlight the complexity of human 

cardiovascular disease genetics and the advancement of techniques enabling us to study these 

diseases. The work described in Chapter 5 is an example of the importance of not over-

interpreting genetics reports due to the complexity of biological systems and disease 

pathogenesis. Direct and functional interactions between multiple genes involved in the same 

disease processes are extensive across many diseases including cardiomyopathies (5, 71, 72). 

Furthermore, the functional variation in the human genome extends beyond protein-coding 

variants to those in regulatory sequences like miRNA binding sites and other regulatory 

elements. Consequently, it will be immensely complicated to predict the consequences of 

variant interactions at a computational level, and yet this may be what is needed to make 

timely and actionable predictions of variant combinatorial pathogenicity in the clinical setting. 

In order for systems approaches to incorporate all of these data into useful computational 

models, we must improve our ability to characterize how variants lead to biological change 

and how those variations affect related cellular and physiologic processes. The rapid 

interrogation of gene variants using relevant high-throughput methods will be required to 

adequately interpret novel patient genetic results. Familial studies will continue to have an 

important role to play in determining the etiology of complex genetic disease and will allow us 

to probe genetic disease mechanisms of low frequency variants that may have intermediate to 

modest effect sizes like those identified in this cohort (12, 71-74). 

We have identified novel rare variants in VCL and TPM1 and determined that 

significant cosegregation between the combination of these variants and cardiomyopathy 

exists in a large family. While this combination of variants is not completely penetrant, 

incomplete penetrance with variable disease severity is a common finding in genetic cases of 

dilated cardiomyopathy (5, 75). These factors do detract from the statistical association 
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between VCL c.659dupA, TPM1 c.97G>A and disease, though it is clear from the pedigree 

that there is a genetic component in the inheritance of disease within this cohort, and we 

believe that we have shown that the combination of VCL c.659dupA and TPM1 c.97G>A 

variants is the most likely cause of this disease inheritance.  

In patient fibroblasts and mice edited to harbor the Vcl c.659dupA variant, we have 

determined that the VCL c.659dupA variant acts as a null allele. Patient VCL c.659dupA, 

TPM1 c.97G>A fibroblasts express reduced levels of VCL protein and VCL mRNA. This 

reduction in VCL mRNA was rescued with the translation inhibitor cycloheximide suggesting 

that the decreased VCL protein levels are due to nonsense mediated decay of the VCL 

c.659dupA mRNA transcript which contains a premature stop codon. Two copies of the Vcl 

c.659dupA variant in mouse embryos resulted in embryonic lethality, pericardial edema, and 

neural tube fusion failure consistent with the original report of phenotypes observed in the 

global Vcl knockout mouse (76, 107). Study of the cardiac consequences of the global Vcl 

heterozygote mouse indicated that these mice were largely phenotypically normal until 

challenged with pressure overload stress at which point they exhibited decreased contractile 

function and increased mortality (77, 97).  

It is possible that VCL variant heterozygosity may act as a modifier for sub-penetrant 

allelic missense variants or environmental stresses (5, 20, 80, 97). Interestingly, while the VCL 

c.659dupA variant had not been previously observed by the clinical sequencing laboratory that 

initially tested the proband of the study, 3/13 variants observed by this laboratory in VCL were 

nonsense or frameshift raising the possibility that VCL heterozygosity is an important factor in 

cardiomyopathy pathogenesis (78, 106). However, our data and previous work on 

haploinsufficiency of the Vcl locus in mouse indicates that null alleles in VCL are likely to be 

insufficient to cause disease in isolation of other genetic or environmental insults. In fact, the 

previous report identifying three nonsense variants in VCL DCM patients also indicated that 
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multiple other variants were present in two of the three VCL null variant individuals further 

demonstrating the need for additional study into the genetic basis for VCL variants in 

combination with other variants (106). 

While the molecular and cellular consequences of the TPM1 c.97G>A variant remain 

to be elucidated, we hypothesize that the surface charge change conferred by the p.E33K 

amino acid substitution may disrupt normal TPM1 interaction with actin filaments as has been 

previously suggested for the DCM-associated p.E40K and p.E54K TPM1 variants (114). The 

predominantly negatively-charged TPM1 coiled coil normally resides in a positively-charged 

groove in actin filaments (136, 137). Change of glutamate to lysine residues at E33, E40, and 

E54 is predicted to alter the electrostatic surface potential of the tropomyosin molecule and 

may result in decreased affinity for the positively-charged groove and thus decreased 

sensitivity of the myofilament to changes in intracellular calcium levels. The crystal structure 

for the middle of TPM1 and the corresponding electron cyro-microscopy structure of actin are 

available and allow for predictive analysis of whether novel variants would disrupt TPM1-

actin biding (136-139). However, no crystal structure exists of the TPM1-actin interaction in 

the N-terminal region of the TPM1 protein so we cannot yet predict exactly which 

interactions, if any, are disrupted. The putative disruption of TPM1-actin filament association 

may impair myofilament calcium sensitivity as demonstrated in a transgenic mouse model of 

the Tpm1 p.E54K variant (127).  

In order to test whether the VCL c.659dupA and TPM1 c.97G>A variants 

independently or combinatorially result in cardiomyopathy-associated phenotypes in vivo, we 

have generated mice harboring these variants via CRISPR-mediated genomic editing. This 

model will allow us to study the physiologic, cellular, and molecular mechanisms underlying 

the pathogenesis of these variants, alone or in combination. Based on the cosegregation of 

VCL c.659dupA and TPM1 c.97G>A variants with cardiomyopathy in a large family, we 
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expected to observe DCM- and possibly HCM-associated phenotypes in mice heterozygous 

for both Vcl p.N220fs and Tpm1 p.E33K variants but not in mice heterozygous for either 

variant alone. We have observed preliminary evidence that this holds true in young adult mice 

(Figure 5.10) providing functional evidence for two-variant etiology in this cohort and 

increasing evidence for this mechanism as a paradigm for cardiomyopathy and genetic disease 

in general. We have also observed recapitulation of Vcl heterozygous null phenotypes in Vcl 

+/c.659dupA mice (Figures 5.8-5.9). It is possible that either the Vcl or Tpm1 variants alone 

may at later time points result in DCM-associated phenotypes in mice which would indicate 

that there are additional protective variants present in family members, not apparent in the 

pure genetic background of inbred mice, which act to modulate disease phenotypes. Any such 

variants may also account for incomplete penetrance of observed disease in this cohort. In 

double heterozygote mice we have observed a decline in cardiac function in the absence of 

cardiac hypertrophy indicating that the time point at which these analyses were completed 

may be prior to the onset of pathological remodeling. In summary, our understanding of these 

variants and their genetic interaction leads us to believe that in combination the VCL 

c.659dupA and TPM1 c.97G>A variants predispose patients to cardiomyopathy. 

Creating mouse models harboring the Vcl c.659dupA and Tpm1 c.97G>A VUS allows 

us to functionally test the digenic basis for human cardiomyopathy, which, until now, has been 

limited to association studies. The confirmation of this mechanism is valuable both in 

establishing multigenic inheritance as an increasingly understood paradigm for disease 

inheritance and also allows us to functionally investigate the cellular and biochemical 

mechanisms underlying the pathophysiology of each variant alone and in combination.  

A number of recent reports indicate that inheritance of multiple variants in sarcomeric 

and cytoskeletal genes may be an important paradigm for inherited cardiomyopathy (79-84, 

140). Blankenburg et al. tested the consequences of several HCM-associated variants in the β-
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myosin heavy chain (Myh7) gene in a mouse model and determined that combinations of 

variants in Myh7 resulted in exacerbation of HCM-associated phenotypes (140). While the 

individual variants tested were originally identified in patients with HCM, the tested 

combinations were not identified in actual patients with disease and it remains unclear if these 

compound heterozygote combinations hold clinical significance. To date, none of the studies 

identifying multiple variants cosegregating with cardiomyopathy in patient cohorts have 

functionally tested the pathogenicity of multiple variants (79-83).  

This study represents the first use of genomic editing in any system to investigate 

putatively pathogenic combinations of variants in any disease including cardiomyopathy. This 

approach is necessary to rigorously address the increasingly complex questions posed by 

human genetic association studies. The advent of CRISPR-mediated genomic editing will 

facilitate functional testing of genetic association studies, including multigenic studies, and 

may lead to an increased appreciation of the complexity of human genetic variation in disease. 

As more genotype-phenotype information becomes publicly available, and our ability to 

confirm multigenic-disease association improves, we may find that a large portion of the 

“missing heritability” noted in genome wide association studies can be explained by 

combinations of variants (71).  

Recent analyses of cardiomyopathy-associated variants in the general population 

found that approximately 2-4% of previously reported disease-associated variants are present 

at rates considered common (Minor Allele Frequency (MAF) >0.5%) thus calling into 

question their pathogenicity (22). However, many of these variants with MAFs >0.5% have 

been shown to have functional effects in vitro or in vivo or to significantly segregate with 

disease. This suggests that while these “common” variants may be too common to 

independently cause fully penetrant cardiomyopathy, they may contribute to multigenic 

disease and have demonstrable functional effects in relevant processes. If these variants are 



	  

	  

94 

not sufficient to cause cardiomyopathy independently they may not be strongly selected 

against and be present in the general population at rates exceeding disease frequency. The 

combination of multiple variants coming together to give rise to clinically significant 

cardiomyopathy may explain a substantial fraction of currently unexplained inherited 

cardiomyopathy, especially in families presenting with incomplete penetrance.  

Evidence of penetrance is limited by small patient cohorts for most of the previously 

reported DCM-associated variants in VCL and TPM1 (23, 102, 104, 105, 114, 123). 

Additionally, many of these studies do not state whether other genes were tested in these 

patients, raising the possibility that additional, unanalyzed variants may have been present in 

these patients and contributed to disease pathogenesis. Olson et al. reported variants in TPM1 

(p.E40K, p.E54K) that associated with DCM but these associations were limited to one or two 

true cases per pedigree and several suspected, genetically untested other individuals and no 

quantitative segregation or association analyses were possible (114). Similarly, the DCM-

associated variants in VCL are based on small pedigrees with incomplete penetrance and 

analysis of other genes was not reported (102, 104). Without these statistical analyses and 

without additional sequencing of other known DCM-associated genes it is unclear whether 

these variants are pathologic in isolation or if other factors are necessary to result in 

cardiomyopathy. 

One of the primary questions posed by these studies is “how are these two variants 

interacting?”. At a genetic level it appears to be a relatively simple digenic, incomplete 

penetrance mechanism but at a molecular and cellular level it is likely much more complicated. 

Similarly to the phenotypic responses observed in pressure overload stressed Vcl +/- mice, we 

hypothesize that the Tpm1 p.E33K variant will act as a stress on a Vcl heterozygous 

background to result in cardiomyopathy-associated disease pathologies (97). Four main 

hypotheses, detailed in subsequent paragraphs below, encompass many of the functions that 
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VCL and TPM1 are known to complete in cardiomyocytes and how disruption of these 

functions might combinatorially result in disease pathogenesis.  

The first of these hypotheses is that disruption of the ICD structure and function due 

to decreased VCL protein results in decreased conduction velocity within ventricular 

myocardium and, in combination with decreased sensitivity of the TPM1-Troponin-actin 

complex to intracellular calcium, leads to delayed contractile response of the sarcomere 

following depolarization. The combination of delays in conduction propagation and sarcomere 

contraction may lead to less synchronous, and thus less efficient, ventricular contraction. It has 

been reported that the QRS duration is increased in Vcl +/- mice consistent with 

interventricular conduction delay (97). This is possibly due to disruption of ICD localization 

of Connexin 43/Gja1 also observed in Vcl +/c.659dupA mice (Figure 5.9) (97). Additionally, 

conduction abnormalities and decreased conduction velocity were noted in cardiac-specific 

Vcl knockout mice along with mislocalization of Gja1 away from the ICD towards lateral 

aspect of cardiomyocytes (108). More recently, it has been shown that Vcl interacts directly 

with Zonula occludens-1(ZO-1 (Tjp1)), a tight junction protein that helps maintain the 

structural integrity of cell-cell junctions and may help localize Gja1 to the ICD (98). Delays in 

cardiac contraction may be evident when analyzing the maximum change in cardiac pressure 

over time (dp/dt Max) or during echocardiography if very dramatic.  

Our second hypothesis is that the combination of VCL c.659dupA and TPM1 

c.97G>A variants results in decreased contractile force generation and transmission through 

the ICD, the costamere, or both. While the ICD has important functions in facilitating 

contractile synchronicity, this structure is also important in ensuring that contractile force 

generated by the sarcomere is transmitted to adjacent cells and thus as part of a functional 

tissue. VCL is a protein responsible for linking the sarcomeric protein assembly to adjacent 

cells at the ICD and also to extracellular matrix components at the costamere. If the TPM1 
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c.97G>A variant reduces Ca2+-activated myosin ATPase activity, as has been demonstrated for 

other DCM-associated TPM1 variants, this would likely decrease the total contractile force 

generated by the sarcomere (138). If these putatively inefficient sarcomeres are unable to 

transmit diminished contractile force to adjacent tissue efficiently due to decreased levels of 

the linker protein VCL, it could result in the inability to generate sufficient force at a tissue 

level and ultimately end in heart failure.  

Our third hypothesis is that both VCL c.659dupA and TPM1 c.97G>A variants are 

deleterious to sarcomeric organization and development and that the combination of these two 

variants disrupts the assembly of the sarcomere to the point where it is unable to produce 

contractile force sufficient to meet physiologic demand. If this hypothesis holds true we would 

expect to observe minor defects in sarcomeric organization in Vcl +/c.659dupA and Tpm1 

c.97G>A mouse hearts separately, and more dramatic defects in mice heterozygous for both 

variants. VCL is known to interact with α-Actinin (ACTN1) at the costamere-Z-disk junction 

(141). Loss of one copy of the Vcl allele results in mild disorganization of Actn1 in mouse 

hearts that have undergone sham surgery and more substantial disorganization after TAC (97). 

Tpm1 is required for proper development of myofibrils in mouse hearts as Tpm1 -/- embryos 

develop thin-walled, non-contractile hearts and are embryonic lethal (112). We do not yet 

know if Tpm1 p.E33K disrupts f-actin stabilization and adherens junction assembly in a 

manner similar to the complete knockout of Tpm1. However we have determined that Tpm1 

c.97G>A /c.97G>A mice are viable; therefore if Tpm1 p.E33K disrupts sarcomeric 

organization it is to a lesser degree than the Tpm1 -/- genotype. The additive or multiplicative 

effect of these two variants on sarcomeric organization may decrease contractile function of 

the sarcomere to pathologic levels while neither alone is sufficiently disruptive.  

Our fourth hypothesis is that both VCL c.659dupA and TPM1 c.97G>A variants 

disrupt cardiomyocyte mechanotransduction or the process of sensing physical external forces. 
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It is known that many different proteins work together to connect the extracellular matrix 

(ECM) to the nucleus including components of the focal adhesion complex/costamere, the 

actin cytoskeleton, and the linker of nucleoskeleton and cytoskeleton (LINC) complex (87, 

100). Ablation or mutation of proteins of the LINC can result in disrupted nuclear 

organization, chromatin localization, and gene expression but it remains to be determined 

whether changes in the focal adhesion complex/costamere and actin cytoskeleton exhibit 

similar pathologies (142-145). While the nuclear organization and chromatin localization has 

not been fully characterized in mouse cardiomyocytes harboring null alleles of Vcl or Tpm1, 

VCL has been shown to regulate aspects of cellular response to perceived physical forces (85, 

97, 108, 112, 128, 129). The transmission of perceived force to the nucleus from the ECM is 

mediated by actin filaments, which are stabilized by TPM1 and may be disrupted with the 

TPM1 c.97G>A variant (112, 113). While the effects of either of these variants in isolation 

may not be sufficient to elicit a pathogenic mechanotransduction response, the combined 

disruption of VCL-regulated costamere and TPM1-mediated actin filament organization might 

sufficiently disrupt normal transmission of physical forces to the nucleus and alter chromatin 

localization and gene expression.  

As with any retrospective human genetics study, difficulties contacting and enrolling 

patients may limit the number of individuals available to analyze. However, we have 

identified and enrolled a large enough cohort that we have been able to analyze sufficient 

family members to determine significant genetic cosegregation between multiple variants and 

cardiomyopathy despite incomplete disease penetrance. Furthermore, our disease status 

assignment and phenotyping in this study relies on self-reporting and clinical testing which 

may vary between clinical institutions and was unavailable for many unaffected family 

members. These are limitations that we seek to address with the mouse model.  
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Our ability to extrapolate these findings to broader populations is limited by the 

number of samples in publicly available genotype-phenotype databases and the way that 

variants within these databases are reported. In this study we have used data from ClinVar, 

dbGaP, and ExAC databases, although none of these databases currently report which variants 

are present in individuals with other variants, making analyses of combinatorial genetics 

difficult at a population level. Increasing the number of patients for whom genotype-

phenotype information is available, particularly if variant combinations are available, will be 

useful in further complex genetic analyses and in computationally predicting pathogenicity of 

novel variants.  

An important limitation of these studies is the incomplete functional characterization 

of the TPM1 c.97G>A (p.E33K) variant. We have determined that the TPM1 c.97G>A 

missense variant does not affect TPM1 mRNA levels and is not predicted to affect protein 

levels but we have yet to prove this experimentally. Beyond demonstrating that the TPM1 

c.97G>A variant does not affect TPM1 protein levels, future studies will be necessary to 

determine whether this variant affects TPM1 protein function. One method of determining 

whether the TPM1 c.97G>A variant affects TPM1-actin association would be to perform an in 

vitro co-sedimentation assay of mutated TPM1 with actin to determine the ability of TPM1 

p.E33K to bind actin as has been previously reported (138, 146-148). Perhaps a more 

informative analysis would be to assess whether TPM1 p.E33K, in combination with 

regulatory thin filament proteins, affects myosin ATPase activity in response to varying 

calcium levels (138, 149). Previous reports have indicated that DCM-associated TPM1 

variants are less ATPase activating while HCM-associated TPM1 variants are more ATPase 

activating and it would be illuminating to determine whether this pattern continues with the 

TPM1 c.97G>A (p.E33K) variant. While we have not yet observed significant decline in 

Tpm1 +/c.97G>A mouse cardiac function, we have determined that Tpm1 c.97G>A /c.97G>A 
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mice are viable and we will test whether this variant elicits a more dramatic reduction in 

cardiac function when homozygous.  

Because the observed onset of cardiomyopathy in this cohort was primarily in 

individuals in their adolescence and older, it is possible that long periods of time are necessary 

for the disease to fully manifest or that additional environmental stressors are necessary to 

elicit a significant phenotypic response. If this holds true in our mouse model system, we may 

not observe pathologic phenotypes equivalent to those seen in humans during short mouse 

lifespans. In the event that we observe no further decline in cardiac function in TV dHet mice, 

we will stress mice by TAC to test whether double variants have more pronounced disease 

response than single variant mice. Given the reported predisposition of Vcl +/- mice to TAC-

induced stress, we would expect DCM-associated phenotypes in Vcl c.659dupA and doubly 

heterozygous mice in response to TAC (97). However, because only individuals harboring 

both VCL c.659dupA and TPM1 c.97G>A variants progressed to diagnosed cardiomyopathy, 

we would expect that TAC-induced stress would lead to more pronounced disease pathologies 

in double heterozygote mice than in single heterozygote mice. Many studies that report the 

knockin introduction of patient-specific variants, discovered as heterozygous variants in 

patients, have reported observing more dramatic dilated cardiomyopathy phenotypes when the 

variant was homozygosed (150-152). Consequently, Vcl +/c.659dupA, Tpm1 c.97G>A 

/c.97G>A mice may exhibit more pronounced DCM-associated phenotypes due to the 

homozygous TPM1 variant acting on heterozygous VCL background.   

Because of the observation of sudden cardiac death in one family member in this 

cohort, the previously reported electrophysiologic abnormalities in mice either singly or 

doubly null for the Vcl gene, and the recently reported observation that Vcl directly interacts 

with the tight junction protein Tjp1, we will measure cardiac electrical potentials of mice by 

conscious telemetry as previously reported (97, 98, 108). It may also prove useful to perform 
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transmission electron microscopy of mouse hearts to examine intercalated disk, costamere, 

and thick and thin filament organization.  

While both Tpm1 and Vcl are over 99% conserved at the protein level with their 

human orthologs, it is possible that differences in mouse and human cardiac biology may 

preclude equivalent disease phenotypes in the mouse with the introduction of patient variants. 

In the event of this outcome we have generated induced pluripotent stem cell lines from DCM 

patients harboring both VCL c.659dupA and TPM1 c.97G>A variants and unaffected family 

members harboring neither variant using techniques described in Chapters 3 and 4. While the 

questions surrounding the maturity of in vitro-derived cardiomyocytes and the difficulty posed 

by trying to recapitulate organ-level pathologies in vitro may pose challenges to this approach, 

use of human cardiomyocytes may also allow for more relevant and detailed interrogation of 

cellular consequences of these variants. To prove causality of the combination of these two 

variants genetic manipulation of these iPS lines will be required, likely using methods similar 

to those used to introduce these variants into mice.  

Of particular interest is the timely and accurate prediction of a novel variant’s 

pathogenicity for use in clinical settings. When an established mechanism of action and 

disease exists such studies are possible (138, 153, 154). These biochemical assays are 

underway for the TPM1 p.E33K variant, however the many binding partners and multiple 

roles of VCL in the cardiomyocyte render the biochemical analysis of novel VCL variants 

more challenging. Determining the cellular and molecular processes underlying the pathology 

conferred by cardiomyopathy-associated variants in VCL will be critical in determining what, 

if any, assays can be developed to test novel variant pathogenicity. Separate assays may be 

necessary for missense variants as opposed to frameshift or nonsense variants as they may 

exhibit different mechanisms of action (i.e. dominant negative activity vs. haploinsufficiency).  

If it is determined that the primary etiology of cardiomyopathy-associated VCL variants is to 
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disrupt cytoskeletal organization, then an actin filament organization assay may prove useful 

in evaluating novel variants (104). However, if the primary etiology of cardiomyopathy-

associated VCL variants is associated with ICD organization and function, new techniques will 

need to be developed to evaluate VCL-mediated assembly of ICDs.  

Another compelling conclusion of this work and previous studies in mouse is that 

functional VCL heterozygosity does not result in cardiomyopathy in the absence of additional 

environmental or genetic insults but does predispose hearts to cardiomyopathy in response to 

these insults (97). The implication of this conclusion is that VCL heterozygosity alters the 

status of the cardiomyocyte either prior to, or in response, to stress. It may prove informative 

to interrogate the transcriptional, epigenetic, and proteomic landscapes of Vcl +/- mouse 

hearts, before and after pressure overload-induced stress, to determine if specific gene 

networks and processes are differentially regulated in Vcl +/- hearts during the stress response. 

Comparing observed changes in these networks to those occurring in wild type hearts would 

help elucidate what is unique to Vcl heterozygosity pathogenesis, although determining 

whether these changes are primary or secondary effects may still prove challenging.   

Remaining questions about the pathogenicity of the combination of these variants in 

the context of the observed genotype-phenotype relationships of the patient cohort include 

“why is the severity and onset of disease variable?”, “why did one individual present with 

sudden cardiac death and early hypertrophy while the other affected individuals presented 

with dilated cardiomyopathy?”, and “why is there incomplete penetrance of cardiomyopathy 

in individuals with both variants?”. More complex genetic analyses of putative modifier 

variants, standardized phenotyping of all family members, and extensive review of 

environmental exposures might help address these questions but would be difficult to 

implement and may not yield interpretable information. We may never be able to answer all of 

these questions satisfactorily but it is clear that there are other factors, possibly modifying 
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genetic or environmental, that contribute to the pathogenesis of cardiomyopathy in patients 

with VCL c.659dupA and TPM1 c.97G>A variants.  

In the research detailed in this dissertation we have described the role of genetic 

variation in non-coding regulatory elements of modulators of heart rate, genes associated with 

lysosomal fusion, sarcomeric and costameric proteins, as well as the importance of 

considering variants’ interactions with each other and the ability to examine and model these 

questions in mouse and in human cardiomyocytes using iPSC-cardiomyocytes. Chapter 2 

explores the role of a common variant in a miRNA regulatory element of CYB561 in 

establishing heart rate variability and thus as a potential risk factor for hypertension and the 

development of associated pathologies. Chapter 3 describes a novel method to generate iPS 

cells, which could serve as a method of further investigating the remaining questions in 

Chapters 2, 4, and 5. Chapter 4 details the use of iPSC-derived cardiomyocytes, generated in a 

similar manner to those described in Chapter 3, to assess the cellular consequences of known 

and novel variants in LAMP2 to disease processes associated with Danon Disease and 

provides a basis for the examination of future therapeutic interventions for this and related 

diseases. Chapter 5 is an in-depth examination of novel variants discovered in a large cohort 

and the determination that the combination of these variants is necessary to predispose 

individuals to cardiomyopathy. The complexity of human cardiovascular genetics, and genetic 

interpretation in general, remains a major barrier to the implementation of personalized or 

precision medicine. A further understanding of the genetic and molecular interactions between 

genes associated with proper cardiovascular function could improve genetic counseling and 

risk-based prioritization of invasive interventional therapies currently available as well as pave 

the way for new therapies to treat heart failure.  
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Methods relating to experiments reported in Chapters 2, 3, and 4 can be found in the 

reprints of these manuscripts and the accompanying online information.  

 

Patient sequencing and clinical data 

Informed written consent was obtained from all family members genetically tested. 

All protocols were approved by the UCSD Institutional Review Board and Human Research 

Protections Program (Project #111523). Permission to release protected health information 

was obtained from all patients, or their legal representatives, in order to obtain clinical records.  

Saliva samples were collected in commercial mouthwash and gDNA was purified using the 

QIAamp DNA Blood Mini Kit (Qiagen #51104). PCR amplification of a targeted region 

surrounding the TPM1 c.97G>A and VCL c.659dupA alleles was performed using NEB 

LongAmp Taq DNA Polymersase (#M0323S) per manufacturer’s instructions. Amplicons 

were gel extracted (QIAquick Gel Extraction Kit #28706) and Sanger sequenced by Eton 

Biosciences. 

  

Histology 

 Patient and control left ventricular free wall samples were fixed in 4% 

paraformaldehyde or 37% formaldehyde and paraffin embedded for sectioning. Sections were 

stained with Hematoxylin and Eosin (H&E) or Trichrome stains by the UCSD Histology and 

Immunohistochemistry Core facility and were imaged using a Leica M205 brightfield 

microscope. 

 

Statistical genetic analyses 

 The software applications PLINK and GCTA were used to perform mixed linear 

model association analyses (130, 131). Calculated beta (β) scores for these analyses and 
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relevant p-values were reported as previously described (130). Chi2/ Fisher’s Exact Test p-

values were calculated in Microsoft Excel.  

 

Linkage analysis 

 Linkage analysis was performed using gDNA isolated from mouthwash from selected 

individuals. Illumina HumanCoreExome-12 v1-1 BeadChip arrays were used to determine 

DNA sequence at >500k SNVs in these samples per manufacturer’s instructions. MERLIN 

software was used to calculate non-parametric ExLOD scores which were plotted in R as 

previously described (155, 156).  

 

Fibroblast cell culture and qRT-PCR 

 Fibroblasts were cultured in Dulbecco’s Modified Eagle’s Medium supplemented with 

10% fetal bovine serum. Cycloheximide (CHX) was administered for 3 hours at 100 µg/mL as 

previously described (77, 157). RNA was isolated with TRIzol Reagent (Life Technologies 

#15596-018). cDNA was generated using  iScript Reverse Transcription Supermix for RT-

qPCR (Bio-Rad #170-8840). qRT-PCR was performed using iTaq Universal SYBR Green 

Supermix (Bio-Rad #172-5121) and target genes were normalized against the average of three 

reference genes: ACTB, GAPDH, and PPIG. Relative mRNA levels were calculated using the 

delta-delta CT quantification method using Bio-Rad CFX 3.1 software.  

 

Molecular modeling and conservation 

 Molecular structure representations of the surface charge of TPM1 were generated 

with Pymol (www.pymol.com) using the structure of TPM1 published by Whitby and 

colleagues (PBD: 1C1G) (132). Conservation alignment was performed using Clustal Omega 

(http://www.ebi.ac.uk/Tools/msa/clustalo/). 
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Mouse colony, handling, CRISPR-mediated genomic editing, and genotyping 

 All mouse experimentation was IACUC approved and performed in accordance with 

the NIH guide for the Care and Use of Laboratory Animals. CRISPR-targeting constructs 

were injected into one cell zygotes as previously described (53, 60) by the UCSD Transgenic 

Mouse Core Facility. Injection mix contained 20 ng/µL sgRNA, 50 ng/µL Cas9 mRNA, and 

100 ng/µL ssDNA repair oligonucleotide. sgRNA targeting sequences were selected to 

minimize potential off-target nuclease activity (133). Tail clips were taken to isolate gDNA 

for genotyping. F0 mice were screened using BlpI or HindIII restriction enzyme digest of the 

amplified region with Sanger sequence confirmation. The top 10 predicted off-target sites in 

F0 founder mouse genomes were analyzed for evidence of non-specific nuclease activity by 

targeted amplification and Sanger sequencing (133).  

 

Protein analysis 

Fibroblast pellets were harvested and lysed in a protein lysis buffer containing 50 mM 

Tris-HCL pH 7.4, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, and 1%NP-40 supplemented 

with protease inhibitor (Amresco #M221) (lysis buffer). Mouse hearts were isolated and 

protein lysates were generated in lysis buffer using a polytron-blade homogenizer (Pro 

Scientific). Protein lysates were quantitated using a Qubit Protein Assay (Life Technologies 

#Q33211). Lysates were run on a 10-20% Tris Glycine SDS-PAGE gel (Novex #EC6135) and 

transferred overnight to a PVDF membrane (Immobilon #IPVH0010). Blots were blocked in 

5% milk in Tris-buffered saline with 1% Tween (TBST), incubated with primary antibody in 

5% milk in TBST at 4°C overnight, washed in TBST and imaged using Clarity Western ECL 

substrate (Bio-Rad #170-5060). Antibodies used include: Anti-Vinculin (Sigma #V9131), 

Anti-N-Terminal Vinculin (Santa Cruz Biotechnology #SC-5573), Anti-Tubulin (Sigma 
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#T5168), and Anti-GAPDH (GeneTex #GTX100118). Protein quantitation was performed 

using Bio-Rad ImageLab 5.0 software.  

 

Immunofluoresence 

 Isolated hearts were placed in 30% sucrose overnight, embedded in OCT, 

cryosectioned, permeabilized in 0.2% TritonX-100 in PBS (PBSTX), blocked in 2% bovine 

serum albumin, 1% goat serum in PBSTX, and stained with primary antibody overnight at 

4°C. Samples were then washed in PBS, stained with secondary antibodies for 1 hour at room 

temperature and mounted in ProLong Gold Antifade Reagent with DAPI (Life Technologies 

#P36931). Images were captured using a Nikon Eclipse Ti confocal microscope at 600x total 

magnification. Antibodies used include: Anti-α-actinin (Sigma #A7811), Anti-Connexin-43 

(Sigma #C6219), Anti-Vinculin (Sigma #V9131), Anti-Tropomyosin1 (Abcam #ab133292), 

Alexa Fluor 555 Phalloidin (Life Technologies #A34055), Anti- Mouse IgG Alexa Fluor 488 

(Life Technologies #A11001), Anti- Rabbit IgG Alexa Fluor 488 (Life Technologies 

#A11008), and Anti- Rabbit IgG Alexa Fluor 568 (Life Technologies #A11011). 

 

Echocardiography 

 Mouse echocardiography was performed as previously described at 10 and 16 weeks 

using a Vevo 2100 machine (Visual Sonics) under isoflurane anesthesia (158). Heart rate was 

maintained above 500 beats per minute and body temperature was maintained using a 

warming station. Researchers blinded to mouse genotypes recorded measurements from 10-11 

animals per genotype.  

 

Morphometric analyses 
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 Animals were euthanized at 13-17 weeks in accordance with IACUC protocols and 

heart weight, body weight, tibia length, and lung weight were measured. The number of 

animals morphometrically analyzed were as follows: WT = 8, Vcl +/c.659dupA = 6, Tpm1 

+/c.97G>A = 3, and TV dHet = 3. 

 

. 
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