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ABSTRACT OF THE DISSERTATION 
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Professor Thomas M. Vondriska, Chair 

 

 

The chromatin architectural rearrangements that permit disease gene expression 

are just beginning to come to light.  Distinct levels of chromatin organization are needed 

to maintain a healthy transcriptome, from the histone octamer that forms nucleosomes 

(the functional unit of chromatin) to chromosome territories that demarcate large swaths 

of the nucleus. An integrative picture of how each level of chromatin contributes towards 

healthy and disease gene expression has eluded us until chromosome conformation 

capture followed by high-throughput sequencing paved the way for deeper study of how 

chromatin features, such as significant chromosomal interactions, topologically 

associating domains, A/B compartmentalization, and enhancer-gene interactions all 

contribute towards gene regulation at a global scale. Heart failure is a syndrome 
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characterized, in part, by a dysregulated gene expression program. We hypothesized that 

chromatin structure becomes deranged during heart failure, and we found this to be the 

case at multiple levels of chromatin organization. In addition, we found that healthy 

cardiac myocyte chromatin structure permits its organ-specific gene regulation program. 

This dissertation 1) summarizes the cardiovascular epigenetics work in the field; 2) 

reports our findings from our chromosome conformation studies in hearts that underwent 

pressure overload and those that underwent knockout of the chromatin structural protein 

CTCF to understand how pathology influences chromatin structure; and 3) reports our 

investigation into the chromatin architectural organization of healthy cardiac myocytes 

when compared to healthy liver, in an effort to understand how normal epigenomes are 

organized in three dimensions. These studies open avenues for future mechanistic 

cardiovascular epigenomics studies, as well as for exploration of therapeutic treatment of 

chromatin to promote healthier gene expression programs.
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Preface 

Heart failure occurs when the organ cannot supply enough oxygen and nutrients 

to the body via systemic circulation. The disease affected ~6.2 million people over 20 

years of age in the United States between 2013 and 2016 and its monetary cost is 

estimated to increase to $69.8 billion by 2030 (from $30.7 billion in 2010)1. During cardiac 

stress by high blood pressure, catecholamines, and other stimuli, left ventricular 

hypertrophy is initially observed, followed by maladaptive remodeling that causes dilation 

of the chamber and thinning of the ventricular wall, leading to subsequent reduction in 

ejection fraction2. Concomitantly, cardiomyocytes (the post-mitotic functional unit of the 

organ) undergo dysregulated gene expression, termed the “fetal gene program”3, which 

is reminiscent of the gene expression program observed during cardiomyocyte 

development. Unknown, however, is the comprehensive genomic picture of how these 

genes become dysfunctional from the normal, quiescent state on a global scale. In 

addition to locus-specific gene regulation by transcriptional activators or repressors, it is 

understood that genes spatially move into and out of chromatin territories that permit 

transcriptional activity4. Because structure contributes strongly to function within many 

biological contexts, we seek to understand the global structural rearrangements that 

occur with heart failure, to better explain the dysregulation at the transcriptomic scale, 

and to complement other chromatin structural analyses that have been done in the heart. 

Many groups have studied gene regulation at the locus level, and my aim is to 

study how higher-order chromatin structure is involved in cardiac pathology. My projects 

investigate chromatin structure at distinct feature levels to understand how genes become 

dysfunctional during heart failure. All of these studies incorporate chromosome 
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conformation capture followed by high-throughput sequencing5, also known as Hi-C, to 

understand chromatin structural dynamics during disease, and some examples of 

investigated structural features are given below: Topologically associating domains 

(TADs) are chromatin features that tend to interact with each other more than with other 

regions, and whose boundaries are occupied by the chromatin structural protein CTCF 

and prevent the spread of heterochromatin6. Our studies in Chapter 2 reveal that, across 

the genome, TAD boundaries change in strength with cardiac perturbation (either 

pressure overload or cardiac-specific CTCF-knockout). The results from the study help to 

explain why failing cardiomyocytes have such drastic differences at the transcriptome 

level when compared to healthy cardiac myocytes. A/B compartmentalization is another 

level of chromatin structure that changes with disease (compartment A tends to contain 

more active regions while compartment B tends to contain more inactive regions, 

although this is a trend and not a rule). Chapter 2 shows how pressure overload induced 

heart failure and cardiomyocyte-specific CTCF-knockout cause disruption in 

compartmentalization (i.e., changes from compartment A to B and vice versa), and 

subsequent differential gene expression within those changing compartments. Chapter 3 

also investigates A/B compartment dynamics by comparing the cardiomyocyte genome 

to the liver genome. These changes are remarkable and can help to explain why organs 

have their own distinct gene expression phenotypes despite having the same genomic 

sequence as all other cells in the body. Enhancers are another chromatin feature thought 

to regulate gene expression by recruiting genomic machinery to, and thereby activating, 

gene promoters in three-dimensional space7. Canonically, studies have been done on the 

closest genes to putative enhancers, which is not necessarily what is observed in reality: 
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our work in Chapter 2 uses Hi-C to show that enhancers interact with many genes in 

space, and they may not behave as expected on a global scale. This provides a rationale 

for studying gene regulation with chromosome conformation capture based techniques to 

better understand how genes become dysregulated with disease. 

This dissertation begins with a published review on epigenomics in the heart 

(Chapter 1). Rigorous science builds upon previously published studies; many of those 

most relevant to our work are referenced in Chapter 1 (Table 1-1). By recognizing and 

integrating the concepts from prior work in the field of cardiovascular epigenetics, we are 

better prepared to make our own scientific endeavors. We seek to get the big picture and 

then highlight specific features, integrating our novel insights with the large body of work 

done by others. The next chapter describes our study of chromatin structural dynamics in 

a pressure overload model of heart failure and in a CTCF-knockout model of chromatin 

disruption (Chapter 2). The final chapter is a published investigation into the differences 

in chromatin structure between cardiomyocytes and liver cells, to better explain how 

genomes can be organized for organ-specific function (Chapter 3). Lastly, a Future 

Directions section explains how, with the immense body of chromatin work done in the 

heart, we can begin to integrate vast bodies of data and push the field forward with 

innovative technologies and insightful questions to better understand genomic 

dysfunction during heart failure. 
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Chapter 1: Epigenomes in Cardiovascular Disease 
 

Manuel Rosa Garrido, Douglas J. Chapski, Thomas M. Vondriska 

 

[This research was originally published by Rosa-Garrido et al. Epigenomes in 

Cardiovascular Disease. Circulation Research. 2018 May 25;122(11):1586-1607. PMID: 

29798902 © The Authors.] 

 

Abstract 

If unifying principles could be revealed for how the same genome encodes different 

eukaryotic cells and for how genetic variability and environmental input are integrated to 

impact cardiovascular health, grand challenges in basic cell biology and translational 

medicine may succumb to experimental dissection. A rich body of work in model systems 

has implicated chromatin modifying enzymes, DNA methylation, noncoding RNAs and 

other transcriptome-shaping factors in adult health and in the development, progression 

and mitigation of cardiovascular disease. Meanwhile, deployment of epigenomic tools, 

powered by next generation sequencing technologies in cardiovascular models and 

human populations, has enabled description of epigenomic landscapes underpinning 

cellular function in the cardiovascular system. This essay aims to unpack the conceptual 

framework in which epigenomes are studied and to stimulate discussion on how principles 

of chromatin function may inform investigations of cardiovascular disease and the 

development of new therapies.  

 

Key words: cardiac; vascular; epigenetics; genetics; chromatin 
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The tracks of a train point where it is going—they also reveal where it has been. 

The tracks of the leopard in the snow do only the latter. Which is the case for epigenetic 

processes in cardiovascular health and disease? Chromatin enables bespoke storage 

and retrieval of genetic information across the hundreds of cells in a multicellular 

organism. Chromatin is also perhaps the largest, in terms of physical size and list of 

component parts, and most functionally diverse molecular structure in existence, 

enabling the vast diversity of the multicellular world. The goals of this essay are: (1) to 

review recent advancements in the concepts of epigenomics; (2) to summarize the 

evidence that epigenomic processes participate in normal and diseased cardiovascular 

physiology; and (3) to stimulate discussion about the prospects for novel basic science 

and translational investigations of epigenomes in the cardiovascular system.  

In development, the setting in which epigenesis has been most extensively 

examined, the task of epigenetic processes is to guide the unidirectional differentiation of 

cells. In adulthood, epigenetic mechanisms provide stability, maintaining the blueprints 

laid down in development and resisting environmental stresses and stochastic 

intracellular changes. In cardiovascular disease, an area in which epigenetic processes 

are increasingly appreciated to operate and in which insights into human health are the 

most actionable, the task, teleologically, of chromatin is not all that clear. Are the 

epigenetic processes at work in the cell during disease always combating the insult, 

attempting to restore and preserve healthy adult phenotypes? Have epigenetic processes 

been hijacked by evolution to contribute to cell survival decisions? What are the 

operational principles of epigenetics and how are they distinguished from gene 
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regulation? For this essay, we define an epigenome as a genome plus everything binding 

to and modifying it (please see Supplemental Glossary). 

Evidence has recently accumulated that epigenomic processes play a central role 

in cardiovascular disease, including: (1) genetic and pharmacologic gain and loss of 

function studies in the cardiovascular system targeting individual histone modifying 

enzymes, chromatin remodelers, chromatin structural components and regulatory RNAs 

can induce or prevent pathology; (2) descriptive epigenomic investigations from humans 

and animal models demonstrate that widespread reprogramming of histone 

modifications, DNA methylation and protein binding occurs during the development of 

disease; (3) data has arisen that indicates epigenomic processes are interconnected with 

other cellular events (such as metabolism, differentiation and cell death) that are 

deranged in disease and that modulation of these epigenetic processes may hold 

potential for therapeutic intervention. Let us now examine recent advancements in our 

understanding of how chromatin controls gene expression and consider the implications 

for cardiovascular disease. 

 

Structural components of chromatin and their regulation in the cardiovascular 

system  

The epigenome has two fundamental components: the structural features of 

chromatin and the enzymes, RNAs, small molecules and processes that modify these 

features. For example, a nucleosome is the chromatin structural unit, but an ATP-

dependent chromatin remodeler is an enzyme complex that modifies this structural unit. 

Here is how you make a nucleosome1: bind histone H3 to histone H4 and combine two 
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of these dimers to form a tetramer; then combine this tetramer with histone H2A and 

histone H2B, twice, and embrace this octamer in turn with ~145-147 bp of DNA. Crystal 

structures2 of the nucleosome in 1997 revealed this octameric protein complex to be 

assembled through histone fold dimers of H2A with H2B and H3 with H4. The intervening 

years have seen the discovery of multiple histone isoform variants that can exert 

structural changes at the atomic level on the functional properties of the nucleosome: one 

example is histone H2A.z, an H2A variant associated with active transcription, which 

operates by altering the interfaces between H2A-H2B dimers, as well as amongst the 

entire tetramer, partially destabilizing the nucleosome core (thereby facilitating 

nucleosome eviction during transcription).3 Another example is centromeric histone H3, 

called CENP-A, which replaces H3 in centromeric nucleosomes, altering the interactions 

amongst histones but maintaining the octameric structure.4 Mammalian genomes encode 

multiple versions of core histones, with each family hosting multiple variants of unknown 

significance. These histone isoform variants have been shown to participate in 

development and disease through altered roles in DNA replication, chromosome 

packaging and DNA accessibility.5, 6 Proteomics experiments have demonstrated variable 

expression of these isoforms in different cell types, including in the heart,7 and the 

stoichiometry of histones changes with disease, such as in pressure overload 

hypertrophy.8 In general, however, the nucleosome is amongst the most conserved 

protein structures known. 

Where nucleosomes bind along the genome is influenced—certainly in 

reconstituted systems but likely also in vivo to some degree—by primary DNA sequence, 

with poly dA:dT rich regions being comparably depleted of nucleosomes, due in part to 
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the biophysical properties of these regions that resist bending necessary for nucleosome 

binding.9 An additional class of chromatin structural element includes non-nucleosome 

chromatin structural proteins, such as histone H1 family proteins, CTCF, and high mobility 

group (HMG) proteins. Histone H1, the so-called linker histone (also known as histone 

H5), is not part of the nucleosome core particle, but may participate in the formation of 

higher order chromatin fibers through interactions with nucleosome histones and DNA.10 

Structures of nucleosomes with H1 (which has been termed the chromatosome11) show 

the latter nestled just outside of the core,12, 13 making independent contacts with DNA, but 

whether linker histones are obligatory components of a structural feature in eukaryotic 

chromatin remains a matter of debate. Observations from a variety of eukaryotic systems 

implicate linker histone H1 in genomic functions including DNA repair/stability, replication, 

and transcription.14 CTCF and HMG proteins each have likewise been attributed a wide 

range of possible functions, based mostly on gain/loss of function studies in cell systems. 

As a general mechanism, CTCF binds DNA and facilitates chromatin looping (i.e. the 

formation of semi-stable long range intra-chromosomal interactions, spanning 

kilobases);15 specificity may arise in different cell types to facilitate regulatory interactions. 

HMG proteins, of which there are many families, bind and stabilize distinct structural 

features in DNA, thereby contributing to high order chromatin anatomy and perhaps 

assemblies of nucleosomes. Interestingly, the HMGA family of these proteins has been 

implicated in cardiac disease, with both hetero- and homozygous knockout mice 

developing hypertrophy.16 

How nucleosomes position along chromatin is largely specified, in multicellular 

eukaryotes, by ATP-dependent chromatin remodeling enzymes and the trio of protein 
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classes responsible for the so-called the histone code, those being writers, erasers and 

readers, that add, remove or interpret histone modifications, respectively. Although all 

these processes exist in other organelles and compartments (indeed many purported 

histone modifiers in fact interface with non-histone, non-nuclear proteins), the allegorical 

“grammar” terminology adopted for chromatin PTMs has been particularly helpful in 

conceptualizing experiments into how gene expression is regulated and particularly 

effective in biasing the interpretation of results.   

Since their discovery and association with transcription or its inhibition, histone 

modifications have been the source of innumerable question-begging experiments and 

seemingly endless rounds of debate regarding their relationship to gene regulation.17-19 

Histone post-translational modifications were originally described in the 1960’s20 but only 

with the advent of chromatin immunoprecipitation and DNA sequencing (ChIP-seq; 

Figures 1-1 and 1-2) studies could the occupancy of these modifications be correlated, in 

a genome-wide manner in a single experiment, with gene transcription. Histone H3 has 

been particularly well characterized and shown to exhibit conserved regulatory behavior 

across species and cell type, with consensus existing about the roles of H3K27me3 in 

reversible gene silencing, H3K27ac in gene activation, H3K4me3 in gene activation, 

H3K9me3 in more lasting gene silencing and heterochromatin, although other histone 

isoforms, such as residue K20me on histone H4 (associated with gene silencing), exhibit 

evolutionarily conserved relationships to gene regulation. Histone modifications are 

associated with a variety of processes not related directly to transcription including 

replication, DNA repair, mitosis, and cell division,5, 6, 21 although these processes tend to 
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be better understood in model organisms like yeast and not extensively studied in 

mammalian systems in vivo.  

The histone code hypothesis (discussed in greater detail below), as originally 

articulated by Strahl and Allis,17 states that a prescribed transcriptional or other genomic 

regulatory response arises, or is evoked, from a certain combination of histone PTMs in 

vivo. This hypothesis has tacitly established a framework in which to examine large 

amounts of ChIP-seq data, inspecting for regions of correlation between histone marks 

and gene expression. The resolution of most ChIP-seq “peaks” (~200-1,000 bp) is highly 

dependent on the informatics tools used to map reads and subsequently call peaks22 

(because protein occupancy on the genome makes a much smaller footprint, it is 

consequently often unknown exactly where a protein binds; the less commonly applied 

ChIP-exo23 and X-ChIP-seq,24 achieving ~25-50bp resolution, are exceptions). Thus, one 

does not know whether histone PTMs occupy the same nucleosome, which would be 

required for a histone PTM “reader” protein to distinguish a full, accurate code from a 

partial and/or inaccurate code (example of partial exception: chromatin digestion to single 

nucleosomes coupled with mass spectrometry proved coexistence of modifications on 

the same particle [in an antibody independent manner], which incidentally revealed that 

bivalency can occur at the single nucleosome level [i.e. different histone H3 copies in the 

same complex have opposing—that is one has an active and the other a repressive—

PTMs], so-called asymmetrically modified nucleosomes25).  

Histone writers and erasers are signal transduction processes that sometimes use 

histones as substrates. The concept of the reader, however, is an indispensable 

component of epigenetic language and one without obvious counterpart outside the 
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context of the chromatin (scaffolding proteins in signaling networks are a similar but 

distinct concept). To work as advertised—that is, to distinguish target region alpha from 

non-target beta, to bind alpha, and then to do something—readers must be able to 

simultaneously recognize and discriminate between histone PTMs, which has been 

shown in some model systems,26 but has not been demonstrated to operate in mammals 

in a tissue-specific manner. Progress has recently been made in the area of heart failure, 

however, with the example of the BET bromodomain protein BRD4, whose inhibition with 

the small molecule JQ1 prevents hypertrophy and associated transcriptional changes27, 

28 and whose pharmacological inhibition reverses some of the fibrotic and deleterious 

structural remodeling in the wake of infarction or pressure overload (having no effect on 

physiological hypertrophy).29  These studies have raised the intriguing possibility that 

epigenetic readers may be novel targets of epigenetic therapy in cardiovascular 

disease,30 given their cell type specific expression patterns, ability to integrate the actions 

of multiple chromatin modifiers and their role to program gene expression with high fidelity 

at individual loci.  

 All four core histones are extensively post-translationally modified, with different 

histones (and different modifications) studied to varying extents and degrees of rigor and 

functional depth. The bane of accurate and reproducible proteomic mass spectrometry is 

that a truly unbiased experiment to detect PTMs will identify many, with no certainty about 

which ones are important versus otiose signaling noise. The most common answer to the 

question of which PTMs are important for chromatin regulation is some variation on only 

the ones shown to be functionally involved in a phenotype. Often the PTMs deemed most 

tantalizing are those previously published on in lower organisms and/or those for which 
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commercially available antibodies exist. In the chromatin world, these PTMs and the 

associated antibodies are the ones getting the most game time in ChIP-seq experiments. 

A quantitative example: the silencing mark histone H3 lysine 27 trimethylation, which 

enriches around gene regulatory regions, is represented at the time of this writing by 403 

ChIP-seq datasets in ENCODE and ~2000-3000 publications in PubMed (an exact count 

of publications is tough given cavalier nomenclature); those numbers for H3 K27 

acetylation, a euchromatic mark (note: on the same residue of the same protein), 

identified in 384 and ~500, respectively. In contrast, a recently identified succinylation on 

human histone H3 K79, also found to enrich in the transcription start sites of active genes, 

has one publication and one ChIP-seq dataset.31 When examining a new PTM, no good 

antibody, and/or no tractable cell system for transgenesis of a tagged surrogate, means 

no genome-wide address book, which means, for the present, the given modification is 

assumed to be noise. That histone modifications cannot be unequivocally examined by 

genetic approaches (i.e. by mutating a residue in the gene and studying the protein) is 

the reason why they are alternatively so frustrating and interesting.  

What about other changes in protein levels in the nucleus? The first attempts to 

understand proteomic remodeling of the cardiomyopathic nucleus were conducted in 

hamsters.32 These early studies did not directly measure histone PTMs—although they 

(the PTMs) likely were reflected in the electrophoretic patterns reported in these 

investigations—because of the absence of accurate and quantitative mass spectrometry 

of proteins and PTMs. More recently, quantitative analysis of nuclear proteins33 or 

chromatin-associated proteins in the heart revealed the proteins regulating cardiac 

epigenomes34 and described changes in histone protein isoform stoichiometry8 in the 
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setting of pressure overload hypertrophy, yet these studies did not characterize histone 

PTMs. Renal nuclear proteomes have also been explored,35 with physiological 

implications for cardiovascular disease. Across eukaryotes, ~500 post-translational 

individual modifications have been identified just on the core nucleosome particle.21 Very 

few of these have been identified, much less quantified and proficiently interrogated, in 

the cardiovascular system (most studies, to our knowledge, of histone PTM in the 

cardiovascular system rely on commercially available antibodies). Recent studies have 

employed large libraries of histone modifications, in some cases representing >100 

different nucleosome combinations (note: these are discrete, tailored nucleosomes with 

known histone post-translational modifications, in contrast to the total list of histone 

modifications, for which it is rarely known whether the modifications are happening on the 

same nucleosome, let alone in the same copy of the histone, with the exception of 

proteomic studies on intact proteins36), to investigate the ability of particular histone PTM 

combinations to influence the activity of human ATP-dependent chromatin remodelers.37 

These libraries38 allow for the effects of individual recombinant nucleosomes with 

designer histone modifications (and combinations of modifications) to be tested in vitro 

for their ability to influence a host of chromatin properties, such as the binding preferences 

for transcription factors or chromatin modifying enzymes. 

 

Role of histone modifying enzymes in cardiovascular physiology and 

pathophysiology  

Investigations into the enzymes responsible for depositing and removing histone 

modifications have demonstrated striking phenotypes in a range of cardiovascular 
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syndromes. Histone deacetylases (HDACs) are one of the most extensively studied 

families of histone-modifying enzymes in the cardiovascular system. HDACs consist of 

four families, each with distinct isoforms which in turn have distinct histone and—in some 

cases—non-histone targets, distinct cellular locations and distinct biological functions. 

Inhibition of HDACs has been shown pharmacologically (e.g. with trichostatin A or 

valproic acid) to prevent proliferation of vascular smooth muscle cells39, 40 (with 

implications for atherosclerosis41), to attenuate hypertension,42 to ameliorate 

ischemic/reperfusion injury and post-ischemic remodeling43-46 and to block cardiac 

hypertrophy in the setting of heart failure.47-49 Molecular dissection of these phenomena, 

particularly in the setting of cardiac growth have revealed HDACs to be powerful 

hypertrophic modulators: loss of HDAC9 leads to prodigious cardiac growth,50 HDAC4 

and 5 regulate CamKII-dependent gene regulation,51, 52 HDAC2 regulates GSK3beta-Akt-

dependent fetal gene activation in hypertrophy,53 to name just a few examples. Indeed, 

the literature on the role of HDAC targeting by drugs or genetic manipulation in the 

cardiovascular system is sufficiently vast to devour entire, authoritative reviews articles.41, 

47, 54, 55  

Class III HDACs are also known as Sirtuins (Sirt) and have been shown to exert 

powerful effects in the cardiovascular system following their initial identification and 

association with longevity in yeast. There are seven Sirtuin isoforms, each with varied 

subcellular localization and some of which, such as Sirt1, 2, 6 and 7, localize to nucleus 

and thus are poised to use DNA-bound histones as substrates, including in the heart.56 

Multiple Sirt isoforms have been shown to facilitate DNA repair through homologous 

recombination. Unlike other HDACs, Sirtuins require nicotinamide adenine dinucleotide 
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(NAD) as a cofactor for activity. Intriguingly, these proteins have been shown to 

participate in an isoform specific manner in myocardial ischemia, oxidative stress, 

apoptotic cell death and cardiac hypertrophy.56 Sirt isoforms have also been shown to 

exert salubrious effects on fatty acid, amino acid and glucose metabolism in mouse 

studies, which have led to clinical trials.57 A search at clinicaltrials.gov with the keywords 

“cardiovascular disease” and “epigenetics” revealed 29 studies in the active or recently 

completed phase. These studies range in their employment of epigenetic measurements 

or interventions. For example, some describe measuring epigenetic endpoints in 

response to treatments targeting known cardiovascular risk factors in common CVD (e.g. 

“Epigenetic Reprogramming of Monocytes in Patients With Coronary Atherosclerosis”, 

which measures epigenetic marks in the promoters of pro-inflammatory cytokines and 

chemokines in monocytes). Another example is a trial targeting rare genetic diseases with 

epigenetic manifestations in the cardiovascular system “X-chromosome Inactivation, 

Epigenetics and the Transcriptome”, which measured DNA methylation, histone PTMs 

and coding/noncoding RNAs expression in blood, white cells and other tissues. Other 

examples investigate use of hypomethylating agents including 5'azacytidine and 5-aza-

2'-deoxycytidine in adult patients with acute myeloid leukemia and atrial fibrillation 

(“Action of the Vidaza on the Atrial Fibrillation”) or study DNA methylation as a marker for 

high blood pressure in the setting of pregnancy (“Observational Study of Epigenomic 

Dysregulation in Preeclampsia-Associated Chronic Hypertension”). The Human 

Epigenetic Drug Database (hedds.org) is a useful, searchable resource for information 

on epigenetic drugs, their targets and associated datasets including, when relevant, links 

to clinical trials. Several epigenetic drugs are FDA approved for clinical use, including 
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HDAC inhibitors and DNMT inhibitors 58 and several of these have been explored in 

cardiovascular disease (this review59 also includes an extensive summary of miRNAs 

targeted for therapeutic manipulation by pharmaceutical companies).   

Histone acetyltransferases (HATs) also constitute a large family of genes and have 

numerous nuclear and non-nuclear substrates (with type A being nuclear and type B 

being non-nuclear, mainly cytoplasmic) and have been characterized with varying 

degrees of specificity in cardiac and vascular cells.55, 60, 61 One of the best characterized 

HATs is p300 which, in addition to its common residence at enhancer elements, has been 

shown to regulate genes that inhibit endothelial cell inflammation in the setting of 

atherosclerosis62 and to attenuate salt-induced hypertensive heart failure63 and agonist-

induced cardiac hypertrophy64 (the males absent on the first [MOF] HAT has similar anti-

hypertrophic actions when overexpressed in the mouse65).   

The histone methyltransferase (HMT) SET domain containing 2 (SETD2) was 

recently shown to be essential for myoblast differentiation in a process involving 

modification of histone H3K36 trimethylation.66 SET and MYND containing HMT (Smyd; 

a family with 5 isoforms of varying tissue expressivity) family member Smyd1, which is 

restricted to striated muscle, has been shown to participate in cardiac phenotype through 

loss of function studies in the adult heart, which resulted in hypertrophy, dilation and de-

repression of some cardiac disease genes.67 Although Smyd1 localizes to the nucleus 

and interacts with chromatin in the adult heart68 (and has been shown to regulate 

H3K4me3, an activating mark, in reconstituted systems;69 mice with Smyd1 depletion in 

adulthood exhibited sustained H3K4me3 levels,68 however, supporting the existence of 

alternative substrates for Smyd1 and indicating the existence of alternative proteins 
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capable of maintaining H3K4me3 in cardiac myocytes), a substantial portion of the protein 

is non-nuclear. This non-nuclear population of the protein has also been implicated in 

adult cardiac function (along with another family member Smyd270) and heart 

development.71-73 A different SET family protein, G9a (also known as euchromatic histone 

lysine methyltransferase 2 − EHMT2), has been shown by loss of function studies to play 

a key role in adult cardiac phenotype: inducible MerCreMer-dependent depletion resulted 

in cardiac hypertrophy, modestly depressed ejection fraction and fibrosis through a 

mechanism that involves targeted derangement of multiple histone methylation marks 

(including H3K9me2/3 and H3K27me3) at genes involved in cardiac function.74 SET7 was 

shown in a human microvascular endothelial cell line to regulate target gene (IL-8 and 

HMOX1) expression in a H3K4me1-dependent and -independent manner.75 Intriguingly, 

this process is tightly linked to glucose levels, demonstrating a metabolic sensing 

mechanism on chromatin.76 On the removal side of methylation, genetic loss or 

augmentation of the histone demethylase JMJD2A respectively blocked or exacerbated 

cardiac hypertrophy in mice.77A recent pharmacological study showed that inhibition of 

histone methylation at H3K9 with the compound chaetocin (which targets the enzyme 

[SU(VAR)3-9] responsible for conversion of H3K9me2 to H3K9me3) attenuates some 

aspects of salt-induced cardiac dysfunction (survival rate, fractional shortening and 

fibrosis)—while not affecting pathologic gene regulation and only modestly impacting 

hypertrophic growth—in part through diminished H3K9me3 at repetitive elements and 

mitochondrial genes.78  

The polycomb repressive complex (PRC) is one of the best studied gene silencing 

complexes (responsible for H3K27me3 deposition) and has been implicated—usually 
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through the actions and/or genetic disruption of one or more of its components—in a wide 

variety of higher phenotypes in mammals. In the cardiovascular system, the Ezh subunits 

1 and 2 were shown to be differentially involved in cardiac development and regeneration: 

both were necessary for normal development, with Ezh1 but not 2 being required for 

neonatal heart regeneration and with Ezh1 but not 2 being capable, via overexpression, 

of promoting regeneration in the hearts of mice aged outside the established neonatal 

regenerative period,79 suggesting that features of myocyte proliferative/regenerative 

plasticity may be revived through histone modifying enzymes. Ezh2 stabilizes forming 

blood vessels in the mouse embryo80 and pharmacologic inhibition of Ezh2 (and some 

H3K27me3 target loci) improved outcomes in hind limb ischemia.81 Some naturally 

occurring compounds target histone modulating enzymes (and non-histone lysine 

residue-containing proteins) and have substantial in vivo benefit in conditions such as 

cancer.82, 83 Since many of these compounds are present in diets shown epidemiologically 

to promote cardiovascular health (such as cruciferous vegetables), part of this effect may 

be through actions to promote—at the subcellular level and across organs—favorable 

epigenomic health.  

While the histone isoforms and even specific residues targeted by individual 

enzymes have often been worked out in reconstituted systems in vitro, such information 

is almost universally lacking from such studies in animal models of the cardiovascular 

system (this observation is also true, incidentally, for most studies of 

acetylating/deacetylating and methylating/demethylating enzymes in non-cardiovascular 

systems when examined at the organ level in animal models). It is also important to note 

that many of these histone-modifying enzymes target non-histone substrates that have 
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no direct relationship to gene expression or epigenetics but yet exhibit powerful effects 

on complex organ level phenotypes (cardiovascular e.g. Smyd on titin70, HDACs on 

myofilaments84, and HDAC family members of the Sirtuin class which regulate many 

substrates in mitochondria and cytosol56).   

This leads to a couple interesting questions about chromatin modifying enzymes 

in the cardiovascular system: First, what are the principles that allow for coordination of 

the various writers, readers and erasers in the given cell type at any time (by this it is 

meant: how do the histone modifiers themselves get turned on or off, up or down, and 

when turned on, how do they compete for influence over gene expression in a 

reproducible manner?). And second, how do the cadre of expressed-at-any-given-time 

enzymes decide which nucleosomes to modify (i.e. how is targeting accomplished, since 

most histone modifying enzymes do not have DNA sequence targeting motifs)? One 

approach to answer these questions would be to identify intermediate indices of 

epigenomic function like accessibility and structure, designing interventions that modulate 

these indices. 

 

ATP-dependent remodeling of chromatin: inducing and participating in 

cardiovascular diseases 

ATP-dependent chromatin remodeling enzyme complexes use the energy from 

ATP to translocate DNA through the nucleosome. That is, the ATP-dependent chromatin 

remodelers reposition nucleosomes along the genome according, in part, to cues 

harbored in the spectrum of histone tail PTMs, thereby enabling fundamental genomic 

processes like transcription, nucleosome assembly/disassembly, mitosis, meiosis and 



 21 

chromosome segregation. One of the most studied of these complexes is the 

SWItch/Sucrose Non-Fermentable (SWI/SNF) complex, originally identified in yeast (and 

known to have >10 protein components) and its mammalian cousin the BAF (brahma-

associated factor) complex (itself composed of >10 protein components, some of which 

exhibit tissue specific expression). Models for the actions of these remodelers are 

informed by protein crystallography studies, in vitro biochemical assays and ChIP-seq-

based genome wide measurements and are thus highly developed and can help to 

explain the observed dynamism of chromatin in development, between cell types and in 

stimulus-response.85-87 Because presence of bivalent marks at a given locus are 

necessary but not sufficient to specify a bivalent locus, recent studies have focused on 

evaluating the role of ATP-dependent chromatin remodelers in this process.88 Studies in 

the cardiovascular system have examined the role of these complexes in tissue level 

phenotypes by genetic manipulation of the ATPase subunits of the BAF complex, Brm 

(Brahma) or Brg1 (Brahma-related gene 1, a.k.a. Smarca4). For example, genetic 

disruption of either of these molecules alone had no effect on retinal angiogenesis in 

neonates, exercise-induced angiogenesis in adult skeletal muscle, or tumor 

angiogenesis, whereas mice with disruption of both Brm and Brg1 after birth exhibited 

fatal vascular malfunction in the heart and gut during the early postnatal period89 (similar 

context dependent functional redundancy, and lack thereof, was observed between Brm 

and Brg1 in the vascular endothelium, wherein disruption of both proteins in endothelial 

cells was required to observe tissue level defects90). Brg1 has been shown to be involved 

in zebrafish myocyte proliferation and cardiac regeneration,91 mesoderm, and hence 

cardiomyocyte, differentiation in cell culture, in part by modulating enhancer activity,92 
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whereas both Brg1 and Smarca3 (a.k.a. BAF60c, another BAF complex member) are 

required for normal heart development in mouse93-95 (incidentally, Brg1 was found to be 

down-regulated in adult murine hearts and re-expressed, concomitant with the myosin 

heavy chain isoform switch [alpha to beta] associated with cardiac pathology; blocking 

Brg1 upregulation in the adult prevented this molecular event and attenuated 

hypertrophy94). Early formation of vasculature and erythropoiesis in mouse is dependent 

on Brg1 but not Brm in hematopoietic and endothelial cells,96 implying functional 

distinction between complexes seeded with these different ATPases during 

cardiovascular development (a similar conclusion was made from genetic disruption in 

smooth muscle cells97), a functional involvement that may extend into adulthood in the 

setting of endothelial injury and presumably disease.98       

 

Multifunctional role of DNA methylation in chromatin biology and cardiovascular 

phenotypes 

DNA methylation is dynamic during vertebrate development, where it reinforces 

cell fate decisions and controls imprinting, or the dependence of gene/protein expression 

(and associated phenotypes) on whether a given version of a gene is expressed from 

maternal or paternal allele. Unlike histone modifications, which can occur on any number 

of different amino acids apparently without heed to locale (that is, without clear DNA 

consensus motifs), DNA methylation targets a single residue, cytosine, usually in a single 

context (that is, when followed by a guanine, so called CpG dinucleotides; recent 

evidence suggests, however, that this too may be an oversimplification as non-CpG DNA 

methylation, so-called CpH methylation [where the H connotes A, T or C] occurs in some 
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cells,99 such as neurons [where it may account for 25% of methylation], although this has 

only begun to be explored in the cardiovascular system100, 101). Also contrasting with the 

plethora of proteins controlling histone PTM, DNA methylation is directly added or 

removed by a narrow suite of enzymes: maintenance (DNA methyltransferase 1, DNMT1) 

and de novo (DNMT3a and DNMT3b; DNMT2 modifies RNA and DNMTL is a catalytically 

inactive regulatory component of the methylation machinery) methyltransferases which 

establish methylation patterns after mitosis and replication, and alter the pattern of 

methylation during organismal development and disease, respectively. Demethylation of 

DNA occurs in part via non-enzymatic means during replication, as well as during normal 

and pathological conditions in non-dividing cells. Conversion of 5-methyl-cytosine (5mC) 

to 5-hydroxymethylcytosine (5-hmC) is catalyzed by the ten eleven translocation 

methylcytosine dioxygenase 1 (TET1) family of enzymes—an active, selective process. 

5hmC is a less stable modification, prone to non-enzymatic conversion to (unmodified) 

cytosine and has thus been proposed as a molecular beacon of genes switching from off 

to on. DNA methylation patterns are erased and reestablished transgenerationally, but 

this process appears to involve faithful perpetuation of methylation marks along the 

genetic lineage, i.e. from parent to progeny (further evidence of this phenomenon can be 

seen in inbred mouse strains, whose DNA methylation landscapes are epigenetically 

preserved within a genetic lineage, whilst being stably distinct between lineages102, 103).  

Bisulfite sequencing is the method for unequivocal determination of methylation 

status (note: all methods for DNA methylation analysis are in symbiosis with suites of 

informatics tools104). Broadly construed, DNA methylation in CpG islands (regions of 

genome with high frequencies of the dinucleotide, which incline towards promoters) and 
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shores (areas around said islands) tends to be associated with gene silencing.105 

Conversely, the bodies of mRNA-encoding genes tend to be methylated, without an 

established correlation allowing prediction of expression. Other methods for large scale 

analysis of DNA methylation include methylation immunoprecipitation (which has been 

used to identify methylation dependent regulation of atherosclerotic risk in humans106) 

and DNA methylation arrays (notably the Illumina 450 chips), the latter of which has been 

extensively deployed in humans to characterize methylation patterns associated with a 

host of pathophysiological conditions including cancer,107 high blood pressure,108 body 

mass index and obesity,109, 110 atrial fibrillation,111 inflammation,112 and death.113 Perhaps 

because of cost and technical demands, reduced representational bisulfite sequencing 

(or much more expensive whole genome bisulfite sequencing) has been applied to a 

smaller list of diseases. Such data from mice however show that DNA methylation plays 

a powerful role in heritable differences in response to metabolic syndrome102 and may 

contribute to catecholamine induced cardiac pathology.103 DNA methylation and/or 

hydroxymethylation abnormalities have been found in animal114, 115 and human116, 117 

heart failure, associated with changes in expression of pathologic genes. Work from 

mouse cardiomyocytes suggests that DNA methylation largely obeys chromatin structural 

features of A/B compartmentalization (itself defined based on gene density, histone marks 

and other features of open chromatin; see section below on chromatin structure), wherein 

dynamics of DNA methylation during lineage commitment are enriched in A (active) 

compartments and genetic disruption of DNA methylation (via DNMT3a and 3b knockout) 

does not alter compartmentalization.101 This observation supports a passive relationship 

between DNA methylation and chromatin structure, at least in the formation phase.  
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What is the import that methylation patterns are associated with complex human 

phenotypes? One method through which DNA methylation has its molecular effects is to 

reinforce prevailing chromatin landscapes by preventing accessibility and facilitating 

compaction (in promoters, as mentioned above, and in X chromosome inactivation, where 

it conspires with histone H3K27me3 to silence expression of one of the two X 

chromosomes in females118, 119); another is to favor relaxing of chromatin and 

transcription (as in gene bodies). These opposing effects must require the intervention of 

discriminating factor(s), perhaps including methyl-CpG binding proteins, but this field 

currently wants for established rules and actors. One investigation120 demonstrated that 

MeCP2, a methyl-CpG binding protein, is reversibly downregulated in a mouse model of 

pressure overload (when the aortic banding was removed, MeCP2 expression was 

restored; similar observations in patients with LVADs suggest this process may be 

operative in humans). These findings suggest that the actions of DNA methylation may 

be modulated in the diseased heart at multiple levels, including methylation, 

demethylation and reading of methylation. Another mode of action is through trans 

effects, whereby a methylation event can regulate the expression of a gene in a distal 

region of the genome (i.e. far away from the actual CpG in question). Studies from human 

cardiac development reveal an enrichment of regulatory elements, including DNA 

methylation sites, in regions of genetic variation associated with heart disease,121 

supporting a molecular link between chromatin regulation and genetic variation in the 

context of pathological phenotypes. By “regulate,” it is meant here that the methylation 

event is shown to correlate—with genome-wide statistical significance—with the 

expression of a gene, a methylation quantitative trait locus. This regulation may take the 
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form of enhancer element formation/modification (discussed below) or other as-yet 

uncharacterized chromatin structure effect. 

The prevalence of cancer122 and congenital heart disease123 in humans is 

associated with mutations in genes encoding proteins that modify chromatin, such as 

histone modifying enzymes (writers, erasers and readers). Furthermore, these complex 

diseases are often associated with global changes in DNA methylation. In some cases, 

the genetic or epigenetic lesion occurs in a gene whose aberrant function can exert a 

dominant role in disease pathogenesis. In other cases, these epigenomic changes may 

instead be general hallmarks of perturbed cellular function, whereby the normal 

parameter space for gene expression is expanded, facilitating dysfunction of multiple 

cellular processes. For many observations on histone PTMs and DNA methylation in 

cardiovascular disease, the train or snow leopard question remains unanswered. 

 

Role of noncoding RNAs in chromatin function and cardiovascular physiology 

It is now appreciated that most of the genome is transcribed, if only a small portion 

of that transcriptome encodes mRNA destined for translation, with intriguing differences 

in this non-coding transcriptome across cell types and following pathological insult. 

Noncoding RNA biology is a specialized discipline unto itself, with new species of RNA—

ascribed really cool and sometimes bizarre functions—identified seemingly endlessly, 

and will not be extensively reviewed herein (excellent reviews on the roles of various 

noncoding RNAs in cardiovascular biology have emerged124-127). Of particular interest to 

chromatin biology, however, is the concept that long noncoding RNAs (lncRNAs) may 

participate in gene regulation by modulating chromatin structure.  
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lncRNAs have been proposed as a potential mechanism for how different 

chromatin marks are deposited—specifically and reproducibly—across the genome. One 

of the best-studied lncRNAs, a general definition of which is an RNA greater than 200 

nucleotides with no discernable open reading frames (an exception to this being the 

presence in some lncRNAs of ORFs which have been shown to produce micropeptides 

that go on to regulate key intracellular processes in cardiovascular cells128, 129), is Xist, 

which is centrally involved in X chromosome inactivation. Xist is transcribed from and acts 

in cis to silence the X chromosome through a process that recruits, via direct binding of 

Xist to the proteins, the PRC2 complex and YY1. A depositor of histone H3K37me3 

silencing marks and transcriptional repressor, respectively, these proteins in turn compact 

the X chromosome and prevent further transcription.119, 130 This model—lncRNA binding 

to a specific region of chromatin and recruiting histone modifying enzymes—is appealing, 

because it solves the problem of DNA sequence recognition, of which many histone 

modifiers are incapable. Another well-characterized lncRNA that binds PRC2 subunits is 

Hotair, involved in gene silencing in mammals, shown to regulate chromatin in trans 

outside of the context of X inactivation.131 These studies led to a gold rush on PRC2-

interacting lncRNAs, which have been estimated to range in number from hundreds to 

thousands in mice132 and humans.133 The general properties, if they exist, through which 

these lncRNAs couple PRC2 to chromatin are the focus of continued investigation.134, 135 

It may be that the genes for these molecules are distributed across the genome and the 

lncRNAs in turn all act in a local manner to recruit and modulate chromatin machinery to 

a given gene expression environment.136 Yet there are clear limitations were the cell to 

attempt to repeat this process with other lncRNAs: physiological transcriptional profiles in 
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adult cells do not involve turning on or off entire chromosomes, with genes temporally co-

regulated often residing on different chromosomes (each of which, in this model, would 

require its own lncRNA, although 3D chromatin environments may allow transcription 

factories to form bringing multiple mRNA coding genes into a neighborhood governed by 

a single lncRNA) and beset by numerous histone modifications. Reflecting this fact, the 

spectrum of lncRNA functions has expanded119, 137 to include actions in trans (i.e. 

targeting other chromosomes) as well as cis to enhance transcription, to block it, to 

scaffold chromatin interactions, and to aggregate microRNAs (thereby making them 

unavailable to regulate mRNAs).   

Initial investigations of lncRNAs in the heart revealed involvement in 

developmental growth and maturation. Fendrr binds both PRC2 and the activating 

complex Trithorax group/MLL in mesoderm, its depletion leading to impaired cardiac and 

chest wall development.138 Braveheart, another mesoderm associated lncRNA, binds the 

Suz12 subunit of PRC2 and is required for proper differentiation of embryonic stem cells 

into cardiac precursors.139 Also involved in cardiac development is the lncRNA 

Upperhand that regulates the Hand 2 locus in cis by facilitating chromatin modifications 

(super enhancer maintenance) and RNA pol II elongation.140 Other lncRNAs have been 

discovered to play a role in disease-associated gene regulation. Chaer binds the Ezh2 

subunit of PRC2 and its genetic manipulation leads to alteration in H3K27me3 levels 

around pathologic genes and cardiac hypertrophy in the mouse.141 An antisense 

transcript in the b-MHC locus was found to associate with that locus in a manner 

independent of the PRC subunit EZH2 in the setting of pressure overload.142 Interestingly, 

that same paper showed the EZH2 interaction with chromatin was regulated by the 
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noncoding RNA pri-miR-208b, hinting at a broader role for noncoding RNAs in regulating 

chromatin.127 Some lncRNAs appear to exert their effects on gene regulation through 

interaction with chromatin remodeling complexes, as is the case for Mantis, a lncRNA 

discovered in macaque and shown to regulate endothelial angiogenesis in a manner 

involving interaction with BRG1.143 Similarly the cardiac-specific lncRNA Myheart binds 

and inhibits the actions of BRG1, thereby regulating expression of myosin heavy chain 

expression, along with other genes. Myheart is downregulated by pressure overload 

stress and its transgenic restoration protects against overload induced hypertrophy.144 

Interestingly, lncRNAs like Malat1 in vascular tissues145 and Chast in cardiac tissues146 

are nuclear localized and regulate expression of nearby genes, although it remains to be 

tested whether they accomplish these actions through recruitment of chromatin 

complexes. In the field of cholesterol metabolism, two recent lncRNAs have been 

discovered that exert powerful effects of lipid levels and atherosclerosis in vivo: LeXis,147 

expressed in the liver, directly controls genes involved in cholesterol biosynthesis, 

consequently modulating plasma cholesterol levels, and MeXis,148 expressed in 

macrophages, regulates genes involved in cholesterol efflux (both lncRNAs were found 

to operate through chromatin based on subcellular localization, accessibility assays and 

transcriptional regulation).  

Discovery analyses in a mouse model of pressure overload revealed the 

expression profile of cardiac lncRNAs,149 determining their extent of enrichment in this 

tissue when compared to tissue of distinct developmental origin (liver and skin) and 

determining changes between embryonic, adult and diseased non-coding transcriptomes 

(nota bene: only a few of the developmentally silenced lncRNAs were re-expressed with 
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disease, in contrast to the “fetal gene program”150 documented for mRNAs). Likewise in 

myocardial infarction, the recovery/injury/remodeling period was found, in mice, to be 

associated with changes in lncRNA expression (incidentally, the lncRNAs were also found 

to reside near chromatin marks associated with transcriptional enhancement), some of 

which (the lncRNAs) were subsequently shown to modulate expression of mRNA-

encoding genes known to participate in basic cardiac function.151  Studies from humans 

have charted differences in lncRNA expression between fetal and adult cardiomyocytes, 

linking their expression with known enhancer marks associated with protein-coding RNA 

transcription (e.g. H3K4 methylation).152  

What is known about lncRNAs in the cardiovascular system is that they can be cell 

type specific, often lack extensive sequence conservation across species (although they 

may be conserved at the level of secondary structure), can regulate transcription 

(probably mostly in cis) and can correlate with histone PTMs, binding some of the histone 

modifying complexes, PRC2 in particular. It is unknown to what extent lncRNAs can act 

at a distance (beyond, say, a few kilobases from their own site of transcription), the role 

of chromatin structure to coordinate such actions (evidence from X inactivation suggests 

that local chromatin environment—rather than DNA consensus motifs—facilitates Xist 

binding, PRC recruitment and inactivating activity130), if they bind directly to chromatin 

and/or DNA (perhaps involving triple helix formation153, 154) and whether they are sufficient 

to coordinate the locus specific activities of chromatin modifiers through a model in which 

multiple lncRNA genes, by virtue of their evolutionary population at key sites across the 

genome, establish local neighborhoods of regulation at which they recruit—or repel, 

according to wont—histone modifiers and polymerase machinery.  
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Cardiovascular development- and disease-associated enhancer elements  

Enhancers are regions of DNA that promote the transcription of other regions of 

DNA.155-157 A contemporary synthesis on how this works: specific histone PTMs (e.g. 

histone H3K4me1 and H3K27ac; some histone isoforms, such as H3.3 and H2az, 

contribute to enhancer activity; enhancers are now thus commonly identified by genome-

wide ChIP-seq experiments) decorate regions of DNA that need not be—although may 

be (see below)—themselves transcribed, which in turn recruit binding of enhancer 

associated proteins (e.g. lineage relevant transcription factors, RNA pol II and co-activator 

proteins, such as p300 and Mediator) and interact in three dimensions with the genes 

whose expression they enhance. This region of DNA, the appropriated demarcated 

histones and any associated proteins, together constitute the enhancer which is often 

“validated” as such by showing that either (a) its genetic disruption interferes with 

expression of its target gene and/or (b) that the enhancer DNA sequence can drive 

developmental and lineage appropriate transcription through a cell- or organism-based 

reporter assay. In the absence of chromatin conformation data, enhancers are usually 

assumed (and tested) to regulate the nearest downstream gene. Somewhat 

counterintuitively, then, enhancers tend to reside in areas of relative nucleosome 

depletion (not, strictly speaking, in areas devoid of nucleosomes), such that enhancers 

can be identified by open chromatin assays (e.g. DNAse I hypersensitivity or ATAC) 

followed by DNA sequencing. A subgroup of enhancers, called super enhancers,158 has 

been classified based on the observation that the aforementioned enhancer features at 

times occur multiple times in close proximity to each other. Super enhancers can exhibit 
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augmented transcriptional activation potential and thus may represent a distinct structural 

property of cell type-specific chromatin.159 Further specification of enhancer behavior 

includes delineation of poised (those ready for promoting transcription of their targets) 

versus active (those actually so promoting) enhancers, which can be distinguished by the 

presence of silencing histone marks (and the enzymes that deposit them) at poised 

enhancers and their absence (concomitant with the presence of greater levels of RNA pol 

II) at active enhancers.155-157 

It has more recently become apparent that some enhancers may themselves be 

transcribed160 and may thus operate in the RNA form. It could be that this transcription is 

a goal-directed process in the normal way we think about RNA doing things in the cell: 

the enhancer RNAs, (eRNAs) may have gene regulatory or other functions. It may also 

be that the eRNA synthesis is a by-product of enhancer DNA in close apposition to 

churning transcription factories and serves no subsequent end and/or that its very 

transcription serves the end of keeping a transcription factory churning and poised for 

ready enlistment in production of other RNAs that do serve subsequent ends (as RNAs). 

This fascinating concept of chromatin biology is an active area of investigation.161 Studies 

have begun to emerge examining the role of enhancer transcription in select 

cardiovascular processes such as cardiac conduction162 and endothelial cell stress 

response.163 Active endothelial cell enhancers, defined by H3K4me2 and H3K27ac 

binding (plus some eRNA transcription), exhibited altered transcription factor binding in 

human aortic endothelial cells following exposure to oxidized phospholipids.163 

Intriguingly, SNPs associated with cardiovascular disease were over represented in these 

enhancers, suggesting a molecular scale explanation for how the former influences 
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transcription and phenotype, a property that may be a common feature of enhancers 

across cell types and species.164 

p300 occupancy has been used to identify enhancers in the developing mouse 

heart embryonic day 11.5, many of which were found to exhibit tissue specific activity.165 

A similar approach was used to characterize enhancers in fetal and adult human heart 

tissue (of note, 48% of the enhancers were the same in fetal and adult human hearts; 

when comparing fetal mouse to fetal human, the overlap was 21%),166 revealing 

functional elements that may participate in human cardiac gene regulation. Angiotensin 

II-induced vascular growth, a key component of atherosclerosis, was found to proceed 

via dynamic utilization of super enhancers in human cells through a process that involves 

complex interplay amongst noncoding RNAs, chromatin readers and transcriptional 

machinery.167 A theme of developmental processes being redeployed—not wholesale, 

but in a selective manner—in the disease setting may also play out for enhancers: 

regulatory elements marked by H3K27ac are specified in part by the master cardiac 

transcription factor GATA4 during development and some of these regions, devoid of 

GATA4 in healthy adult heart, are revisited by the protein upon pathologic stimulation, 

contributing to disease-associated gene expression.168 Pursuing this concept more 

directly in a complementary model, it has also been shown that cardiac enhancers 

undergo altered regulation by disease-associated transcription factors following 

pathologic stress.169 The histone modification reader BRD4 binds super enhancers that 

are associated with cardiac disease genes.  Interestingly, this process is finely tuned to 

differentially modulate association of BRD4 with these disease genes while leaving 
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housekeeping genes unaffected, a process controlled in part by miRNA-dependent 

titration of BRD4 levels.170  

 

Unexpected cell type-specific functions of chromatin  

The rapidly dividing phenotype of cancer has allowed researchers in this field to 

identify epigenetic clones:171 lineages of cells outwardly genetically identical that differ 

based on semi-stable, transmissible chromatin features. All cardiac myocytes and 

vascular smooth muscle cells are not the same, which means that although these cells 

do not proliferate and differentiate like cancerous cells do, it is reasonable to hypothesize 

that developmentally endowed epigenetic clones exist and contribute to organ level 

phenotypes in the adult. Indeed, distinct clonal populations (arising from a common 

progenitor in development, rather than from a resident adult stem cell) of cardiac cells 

contribute to different anatomical and functional features of the adult organ172-177 (recent 

single cell studies have revealed these distinct myocyte populations to indeed exhibit 

distinct transcriptomes178, 179)—epigenetic dissection of these populations may well reveal 

epigenetic clonality to be an underlying process contributing to this observation. The 

chromatin accessibility assay ATAC-seq, which reveals areas of open chromatin, has 

been applied in a single cell format to a lymphoblastoid cell line, identifying 

subpopulations of cells based on chromatin accessibility.180 That such variability exists in 

post-mitotic, healthy adult cells in the cardiovascular system remains to be demonstrated, 

but the observation of transcriptome variability in these cells, and the presence of 

chromatin accessibility variability in cells otherwise phenotypically similar, makes such a 

conjecture not unwarranted. 
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Chromatin can act like a stress sensor complex, wherein there is no single factor 

controlling changes in disease associated gene expression. Some investigators have 

described excitation-transcription coupling, with the term specifically applied to local 

calcium signals around the nucleus (as distinguished from global calcium transients 

involved in myofilament contraction) inducing local CaMKII activation and HDAC 

mobilization.181 What if this observation is evidence of a more generalized, myocyte 

specific sensory apparatus on chromatin, that detects local calcium signaling, such as 

that involved in pathologic gene activation, from calcium involved in contraction and 

nonetheless critical to influence gene expression (e.g. sustained faster heart rates require 

greater turnover of proteins and thus transcripts)? Various pathological cell states, 

including cardiovascular disease and cancer, have been characterized by global changes 

(e.g. that revealed by a total cell lysate western blot or genome-wide ChIP-seq signal, for 

example) in histone modification. One possible reason for this unexpected observation 

was found to include regulation of cellular acidity:182 global histone acetylation responds 

to perturbation of cellular pH (lower pH leads to less histone acetylation) and cells respond 

to modulation of histone acetylation by modulating pH, a sort of acetate capacitance 

system on chromatin to attenuate large swings in cellular acidity. Combined metabolomic 

and proteomic studies reveal that abundance of short chain acyl-CoA donors directly, 

although not indiscriminately, influences the modification of histone tails in human cells in 

culture.183 Indeed metabolic sensing by chromatin has been increasingly recognized to 

underpin cardiovascular physiology and disease.76 

 Aberrations in nuclear rigidity and structural integrity are associated with diseases 

like cancer and progeria, some of which are driven by so called laminopathies, arising 
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from malfunction of nuclear lamina proteins. Cardiomyopathies resulting from mutations 

in lamin A/C are one of the best studied group of genetic diseases in clinical cardiology, 

and have led to clinical trials, although in this context the effects on chromatin structure 

(or vice versa) are unclear: aberrant nuclear morphology, the blebbing of the nuclear 

membrane due to impaired laminar network architecture, is a hallmark of these 

diseases.184 Association of chromatin with the lamina appears to be essential for nuclear 

structure and disrupting this interaction has detrimental effects on nuclear integrity,185 

particularly in cells subject to mechanical force. These actions are coupled to the 

mechanisms known to regulate chromatin’s role in gene expression, as supported by the 

observation that histone PTM influences nuclear rigidity and membrane integrity.186 

An unexpected non-nuclear, signaling behavior of not just chromatin modifying 

proteins but actual intact multimolecular slabs of chromatin has been observed in 

cancer187: cytoplasmic chromatin fragments—evaginated nuclear membrane containing 

DNA and nucleosomes decorated with heterochromatin marks—can induce inflammation 

and cell death through cytoplasmic signaling and circle-back transcriptional regulation. 

An even weirder story: rod and cone cells are terminally differentiated, specialized 

components of the retina, the light sensitive component of the vertebrate eye. Evolution 

has hijacked chromatin in rods (but not cones) to serve the transcriptionally unrelated 

function of focusing light in the retinas of nocturnal but not diurnal mammals (that is, the 

organization of DNA in the nucleus forms a physical lens),188 thereby providing a meta-

function in service of that specific cell’s raison d’être.   

Different structural units of chromatin establish distinct transcriptional 

environments. It can be helpful to think of chromatin itself as a transcription factor, or 
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transcriptional processor. Transcription does not happen willy-nilly throughout the 

nucleus, but rather is localized to transcription factories,189 or areas designated to 

different forms of transcription, such as rRNAs and house-keeping sorts of protein-coding 

mRNAs, separated from stimulus responsive genes and furthermore from 

transcriptionally silent regions. This happens on a nuclear scale as reflected by the 

observation that transcription tends to happen toward the center of the nucleus whereas 

the periphery is an area of gene silencing. Another type of transcription factor-like activity 

is sub-chromosomal, in the form of chromatin looping, the formation of short- and long-

range interactions to facilitate gene activation (i.e. enhancer elements) or repression (i.e. 

insulators or boundary elements). Chromatin capture data has revealed that long range 

looping within the epigenome is dynamic and can bring together transcription start and 

end sites in three dimensions, perhaps to facilitate efficient cycling of machinery like 

polymerases and transcription factors (Hi-C data supports this concept for a cohort of 

genes, Figure 1-3 and Table 1-2). This principle has been supported with ChIP-seq data 

from rat hearts,190 in which different transcriptional activation profiles (pause-release and 

de novo recruitment) have been described in the setting of pressure overload 

hypertrophy, along with accumulation of RNA pol II in transcription end site, perhaps 

reflective of gene looping. 

 

Structure-function features of chromatin and implications for cardiovascular gene 

regulation 

Based on insights from chromatin capture and other epigenomic techniques, the 

organization of the epigenome is thought to involve key structural intermediates (Figure 
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1-4). What is the evidence that chromatin is inherently ordered above the level of the 

nucleosome (where data exists to the atomic—that is several angstrom—level2) and 

below the level of the chromosome (where chromosome painting, closer to the scale of 

micrometers, demonstrates compartmentalization191)? The goal of chromatin structural 

studies is to determine: what are the structural features between these scales and at what 

scale(s) are structural features functionally important? Next consider the pattern of 

chromatin observed in various cells of the cardiovascular lineage with a quotidian method 

such as DAPI labeling: while the pattern of staining is not random, there is no obvious 

reproducible pattern within a class of cells (and not shared between two classes) to which 

a functional consequence can be intuited (for a nifty exception, see188), in contrast to 

chromosome patterns in mitosis/meiosis which definitively exhibit such tell-tale 

architecture. Fluorescence in situ hybridization (FISH) experiments clearly demonstrated 

spatial segregation of chromosomes into territories,191 whilst not revealing evidence of 

hierarchical arrangement. Recent higher resolution electron microscopy-based imaging 

of chromatin shows that its structure, in both interphase and mitotic cells, rarely achieves 

a scale greater than 24 nanometers in diameter (for reference, the nucleosome diameter 

is ~11 nm), with distinctions in arrangement between such cells coming from the density 

of compaction, which the authors interpret to be evidence of an absence of repeating, 

stable, hierarchical structure.192 How do these observations hold up in analyses of 

individual genes and with respect to histone post-translational modifications? In the 

cardiovascular arena, combination of Dam-ID and LaminB ChIP-seq (to identify loci 

associated with the nuclear periphery) and FISH was used to demonstrate that 

differentiation in the myocyte lineage involves precise reorganization of expressed genes 
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away from the myocyte nuclear membrane, itself found to be decorated with the silencing 

mark H3K9me2 and to a lesser degree by H3K9me3 (other silencing marks H3K27me2/3 

and H4K20me2/3 were not found enriched at the periphery in skeletal myoblasts).193 

A prediction of a non-hierarchical model of chromatin is that the size of structural 

elements should be normally distributed. For chromatin interactions detected by Hi-C, for 

example in cardiac myocytes, this prediction has been shown to be true: the number of 

interactions plotted per locus follows a normal distribution, where most locus bins (bin 

size=5kb) have the same number of interactions (~2500) and a small number have very 

few or very many interactions (see Supplemental Figure 1a in reference194). The vast 

majority of loci interact with a median number of other loci, and no privileged structural 

behavior can be assigned to the regions with large interactions (as would be a prediction 

of a scale free or hierarchical topology).  

Additional insights from the explosion of chromatin capture techniques to 

determine endogenous interactions have been informative.195, 196 These studies have 

characterized features of chromatin organization that are conserved across species and 

cell type (note: method development for analysis of chromatin capture data is ongoing 

and the interpretation evolves with it197): topologically associated domains (TADs) are 

regions of chromatin with privileged local interaction; TAD boundaries, as nominally 

implied, demarcate regions of the genome where intrachromosomal interactions switch 

from interacting in one direction (say 5’ biased) to the opposite; distinct regions are 

insulated against expression, in part by chromatins structural proteins and histone 

modifications; short and long range interactions reproducibly form (i.e. the structure is not 

random). The boundaries represent epigenomic cornerstones, directing interactions of 
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nearby DNA and proteins in alternating directions, in part through the binding of chromatin 

structural proteins like CTCF. Cohesin and CTCF knockout animals and cells indicate 

these proteins are involved in TAD maintenance,194, 198, 199 but these proteins alone are 

not the whole story: embryonic stem cells198 with only 4% normal CTCF protein levels still 

exhibited TADs and cardiomyocytes194 with 20% normal CTCF protein levels exhibited 

sparse, minor changes in TAD boundaries and strength. These studies also show that 

TAD formation/maintenance and A/B compartmentalization can be decoupled 

experimentally, as loss of cohesin or CTCF did not affect A/B compartmentalization. “A” 

compartments have more genes and are defined by having less interactions than would 

be expected for a given distance (“B” has more), indicating less compact chromatin. Eu- 

and heterochromatin marks dominate in A and B compartments, respectively. Prevailing 

evidence suggests that at the level of TADs, chromatin architecture is quite similar 

between cell types. Sub-TAD interactions, and less abundant—yet reproducibly 

detected—long-range interactions that span multiple TADs (as well as inter-chromosomal 

interactions), may be the scales at which cell type specific chromatin interactions are 

observed.   

Chromatin structure is dynamic during the cell cycle. The predominance of longer 

range interactions present in post-mitotic cells are rapidly lost upon entrance into G1, 

followed by further depletion throughout S and G2, in favor of shorter range, local 

interactions. This process abruptly reverses itself, with a return of TADs and long-range 

interactions following nuclear division.200 Mitotic chromosomes lack TADs and chromatin 

neighborhoods, instead exhibiting a uniform, homogenous pattern of hierarchical 

interactions.201 A similar observation was made for oocytes in metaphase II: an absence 
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of TADs and chromatin neighborhoods in these cells persisted in the zygote, with long 

range chromatin interactions manifesting at the 8-cell and inner cell mass stages.202 

Interestingly, physical segregation of alleles was seen to persist until the 8-cell stage as 

well,202 even after the formation of long range chromatin contacts, suggesting that 

chromatin structure is an emergent property of an allele, can vary between alleles and 

thus may participate in allelic inheritance. 

Probabilistic modeling has been used to reveal 3D organizational principles from 

Hi-C datasets, the goal here being not a structure per se, but a population-based 

representation of the structural features of the chromosomes as they associate in the 

nucleus.203 Using datasets from human lymphoblastoid cells, this approach was used to 

schematize genome structure, revealing inter-chromosomal surfaces of apposition and 

detecting new anatomical properties of the nucleus, such as the physical clustering of 

centromeres of different chromosomes and the anatomical positioning of euchromatin 

and heterochromatin pockets with respect to other nuclear landmarks. Unlike traditional 

FISH or chromosome painting, in such an exercise one can know which loci are 

responsible for a given anatomical feature and in what part of the nucleus this feature 

tends to occur relative to other feature. 

The histone code17 has become a ready-to-hand tool for chromatin interrogation, 

shaping how studies are designed and interpreted. However, as discussed elsewhere in 

this essay, hundreds of histone PTMs are now known to exist. Also, the histone code and 

related ideas204 lack an underpinning in mathematical rules, a limitation addressed by 

investigators who have used dry lab approaches to characterize chromatin states205 or 

rules of nucleosome positioning206 that reconcile ChIP-seq and chromatin accessibility 
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data with genome sequence and transcription. Apart from the accordant histone and 

chromatin binding proteins associated with different flavors of chromatin, how distinct 

chromatin domains form, in a physical sense, is not completely understood. Recent 

evidence from Drosophila and human chromatin suggests that heterochromatin domains 

comprised of H3K9me3-marked nucleosomes, heterochromatin protein 1 (HP-1) and 

DNA can exhibit phase separation behavior, which may be an explanation to link domain-

scale and molecular-scale properties of heterochromatin foci which can display both liquid 

and stable phase properties,207 a phenomenon supported on a broader scale by 

contemporaneous studies.159 The way forward is to integrate structural studies from 

imaging and sequencing techniques with genome occupancy studies from sequencing 

techniques to build a new model governed by principles that incorporate all these sets of 

data. 

 

Integration by the epigenome of genetic susceptibility and environmental risk 

Histones were originally identified as inhibitors of transcription. This concept 

remains a kernel of chromatin theory: heterochromatin increases during differentiation 

and loss of pluripotency, and some diseases, notably cancer, have been found to be 

associated with a more euchromatic environment. Because they change concomitant with 

gene expression and phenotype, chromatin modifications are ispo facto taken as 

responsible for the unidirectional progression of cell fate commitment in the 

cardiovascular system. Another hypothesis cached therein is that histone PTM and other 

chromatin marks stabilize cell identity. Regarding this conclusion, here is a premise that 

should be rejected: identification of a chromatin modifying enzyme in the heart or 
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vasculature whose genetic manipulation impairs or reverses developmental state is a 

necessary and sufficient condition to prove a role for chromatin in deciding and/or 

stabilizing cell fate. Here is another such premise of tenuous utility: if chromatin 

modifications stabilize cell phenotype, then reprogramming strategies that restore 

pluripotency (e.g. iPS) or directly convert one cell type to another208, 209 must do so by 

wholesale reprogramming of chromatin (although these processes do, no doubt about it, 

reprogram histone post-translational modifications and DNA methylation at cardiac 

genes210). iPS-derived cells coaxed toward a cardiovascular lineage acquire regulatory 

elements (i.e. histone post-translational modifications on regulatory elements nearby 

lineage appropriate genes) reminiscent of their endogenous counterparts,211 and yet 

studies from non-cardiovascular tissues have shown that iPS-derived cells retain some 

epigenetic memories from their cells of origin, which, perhaps not surprisingly, is also the 

case for cardiovascular cells derived in cell culture from developmental precursors (e.g. 

DNA methylation).212 Cardiac cells exhibiting progenitor-like behavior isolated from adult 

hearts indeed exhibit, commensurate with transcriptome changes, DNA methylation 

changes in genes associated with the mature cardiomyocyte lineage vis-à-vis adult 

cardiomyocytes lacking such progenitor-like behavior.213  

Cell culture studies of distinct stages of cardiac lineage commitment explored the 

changes in chromatin marks associated with this process.214, 215 General features of 

heterochromatic mark (H3K27me3) loss were observed around genes that were 

expressed (genes never expressed in the cardiac lineage, in contrast, retained abundant 

H3K27me3 through differentiation and never gained activating marks like H3K4me3), and 

genes that would be expressed in subsequent stages of development were sometimes 
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(although not always) enriched with H3K4me1 (a so-called ‘poised enhancer’ mark) prior 

to acquisition of H3K4me3 and RNA pol II concomitant with expression. If one were so 

inclined, the following observations may be taken as evidence that chromatin becomes 

more plastic in the setting of cardiac pathology (see also Figures 1-5 and 1-6): stimulation 

of neonatal rat ventricular myocytes with isoproterenol leads to decreased density of 

chromatin as measured by histone H3 immunolabeling and super resolution 

microscopy;216 pressure overload hypertrophy is associated with a decrease in total 

histone H3K9me3 and increase in total H3K4me3 (as detected by western blotting) as 

well as a decrease in the linker histone H1 to core (measured by H4) ratio;8 association 

across genetically variable mouse strains between select chromatin structural proteins 

HMGB2 and CTCF and cardiac phenotype and the ability of HMGB2 to modulate 

cardiomyocyte hypertrophy and chromatin accessibility in cardiac myocytes;217 and loss 

of CTCF (which induces cardiac dysfunction) or pressure overload hypertrophy is 

accompanied by a global decrease in genomic interactions detected by Hi-C.194 

Meta-analysis of heart failure GWAS studies recently uncovered a novel risk allele 

associated with mortality and located in a noncoding enhancer region.218 Interestingly, 

DNA methylation signatures at this locus in blood were correlated with allergic 

sensitization, potentially hinting at a gene-environment interaction leaving an epigenetic 

signature. A similar observation of epigenetic risk conferred in a cell type specific manner 

by marks present across different tissues was recently reported in the context of dilated 

cardiomyopathy.219 The durability of these marks in a temporal sense remains an open 

question. Unequivocal determination of transgenerational inheritance of chromatin 

features like DNA methylation or histone modifications (discussion of which often 
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conflating the two distinct concepts of epigenetics and Lamarckian evolution or the 

inheritance of acquired traits) is tricky220 and many examples are hotly debated. 

Epigenome-wide association analyses in liver demonstrate102 DNA methylation-

dependent—and sequence variation independent—associations with clinical traits 

important for cardiovascular disease such as insulin level, as well as other ‘omics 

endpoints, providing proof of concept for population level epigenomic regulation of 

complex disease traits through the actions of DNA methylation variation to control 

phenotype, presumably through effects on chromatin structure or accessibility. 

Something ostensibly heritable through cell division or meiosis may masquerade as 

epigenetic and/or may even be of chromatic origin but may in fact proceed via a genetic 

means.221  

It has been increasingly recognized that epigenomic modifications are influenced 

by various diet and lifestyle factors that affect cardiovascular health (reviewed in detail 

elsewhere222). Maternal smoking, for example, is known to induce widespread DNA 

methylation differences in newborns, some of which persist into the offspring’s adulthood, 

including in genes known to be associated with smoking-related birth defects,223 although 

whether these effects are due to natal exposure remains unknown. There have been 

limited experimental studies directly testing the role of non-genetic inheritance of 

cardiovascular risk in animal models (e.g. DNA methylation dependent target gene 

expression in the context of offspring ischemic injury224). In vitro fertilization experiments 

in mice using gametes from obese or normal weight parents (note: obesity was induced 

by high fat diet) and surrogate, normal chow fed, mothers revealed that a propensity for 

increased body weight can be inherited by non-genetic means.225 Metabolic gene 
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regulation has been shown to be a modifiable, and subsequently heritable feature, in that 

mice fed low protein diets passed hepatic gene expression profiles transgenerationally 

through the paternal germ line, commensurate with heritable changes in DNA methylation 

(although to what extent differences in DNA methylation resulting from distinct paternal 

diets directly control gene expression profiles remains unknown).226 Genetic variability 

contributes to chromatin accessibility (measured via FAIRE-seq) in the basal state and 

following complex metabolic changes, such as those accompanying high fat diet.227 

Human studies in ethnically diverse populations have revealed DNA methylation variation 

associated with nicotine and alcohol dependence (and the co-dependency between these 

forms of addiction)228 although no evidence of inheritance and/or precedence of the 

phenotypes by the epigenetic features was demonstrated. In addition to the obvious 

prognostic and diagnostic potential of genomic and epigenomic measurements in the 

clinical arena (the practical considerations of which are discussed in detail elsewhere229, 

230), it is noteworthy that tools for reducing epigenomic treatment to practice have begun 

to emerge (Figure 1-7). Modification of the CRISPR/Cas9 gene targeting system, 

involving an inactive Cas9 nuclease (so-called dCas9) fused to DNMT3a or Tet1 and 

combined with guide RNAs to localize the complex, can induce altered DNA methylation 

of specific loci in somatic cells in vivo commensurate with desired changes in gene 

expression231 (techniques for remodeling chromatin loops with designer CRISPR tools 

have also emerged232). Such approaches may enable targeting of entire transcriptomes, 

rather than individual molecules, in a gene therapy workflow that at once provides both 

specificity and temporal tuning.  
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Genomic and epigenomic technologies are providing high resolution descriptions 

of susceptibilities and etiologies of cardiovascular diseases—that is, we now have the 

ability to acquire a far greater number of data points on patient populations, enabling 

identification of new biology but also, in the clinical setting, better stratification.230 The 

other ‘omics technologies (such as proteomics, lipidomics and metabolomics) that are 

now experimentally mature can, when applied to chromatin, provide greater still molecular 

detail regarding how transcriptomes are specified and cell type-specific behavior 

governed in health and disease. Effective utilization of this wealth of knowledge to 

promote human health will require innovative thinking: some strategies will involve multi-

marker panels (e.g. DNA sequence variants measured along with protein or lipid levels 

to make diagnoses, such as in hypertension) whereas other strategies will use the 

intermediate endpoints that emerge from the collective actions of multiple classes of 

molecules as the readout for diagnoses or as target for treatment (e.g. targeting chromatin 

readers or chromatin accessibility, both of which integrate the actions of various signaling 

processes, protein modifiers, metabolites and RNAs acting in the context of genetic 

variation).   

It occurs to us that another definition of epigenomes would be: the molecular 

features that make a living creature the same unit tomorrow that it is today. As described 

in the preceding sections, recent studies have identified the actions of discrete protein 

components and modifiers of chromatin in cardiovascular health and disease, providing 

potential targets for therapy. Epigenomic investigations have described chromatin 

landscapes, providing the data necessary to discover principles for the actions of the 

protein and RNA modifiers. These epigenomic investigations also enable discovery of 
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intermediate properties, like chromatin accessibility and structure, which may be traits 

that contribute to higher level phenotypes. As the integrator of genetics and environment, 

and the substrate of cellular memory, chromatin features may provide the basis for 

understanding normal and pathological cardiovascular function.   
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Figure 1-1. Occupancy of histone marks varies between cell types. Circos plot of 

mouse chr19 shows A) repressive H3K27me3 and B) active H3K4me3 peaks across 

different tissues. Color-coding of tissues (outside to inside): heart (red), cerebellum (blue), 

kidney (yellow), liver (green), thymus (orange), testis (dark red), and spleen (light blue). 

The black track represents mm10 gene density on chromosome 19. Data are from the 

ENCODE database. 
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Figure 1-2. Chromatin conformation capture data reveal similarities in chromatin 

organization between cell types. A) Representative contact matrices from 14 human 

tissues (A), and their A/B compartmentalization profiles (B), demonstrate similarities at 

the scale of TADs and compartmentalization. LV, left ventricle; SB, Small Bowel; PO, 
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Psoas Muscle; RV, Right ventricle; BL, Bladder; HC, Hippocampus; AD, Adrenal Gland; 

PA, Pancreas; CO, Prefrontal cortex; LG, Lung; OV, Ovary; SX, Spleen; LI, Liver; AO, 

Aorta. Figure adapted, with permission, from Schmitt et al., Cell Reports (2016). 
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Figure 1-3. Chromatin looping. A) Schematic representation of chromatin looping, in 

this example between transcription start (TSS) and end (TES) sites of a gene. The model 

is an interpretation of chromatin capture data (which shows a decrease in interactions 

during cardiac pathology) and is intended to represent the frequency of a given 

conformation, not a population effect across cells: left panel shows that under normal 
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conditions, loops are stably formed; right panel shows that because loops are less stable, 

they are less frequently captured experimentally. B) An example gene displaying this 

behavior. Top is control, middle is CTCF knockout and bottom is transverse aortic 

constriction. Rectangles are TAD boundaries and lines are chromatin interactions 

detected by Hi-C (Rosa-Garrido et al. Circulation. 2017). Table 1-2 shows a list of genes 

that undergo the phenomenon described in the figure. 
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Figure 1-4. Chromatin architectural features. A) The functional unit of chromatin is the 

nucleosome, which can be decorated by a variety of post-translational modifications tails 

that modulate accessibility to transcription factors or chromatin modifiers. B) At the gene 

level, transcription factors or repressors (green circles) confer context-specific regulation 
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of transcription with varying levels of sequence specificity. DNA methylation (purple 

circles) typically repress promoter activity of genes, although this phenomenon is 

associated with expression when found within gene bodies. C) Chromatin looping enables 

formation of gene expression or silencing neighborhoods, as well as facilitating structural 

units suitable for higher order packing. D) Topologically associating domains (TADs) are 

regions of preferential chromatin interactions. E) Hi-C data reveals chromatin 

compartmentalization into “active” and “inactive”, or “A” and “B” compartments of the 

genome, respectively (here shown in yellow and blue; note, this is a stylistic interpretation 

of how A and B compartments might interact, because chromatin capture studies do not 

reveal actual localization coordinates within the nucleus). F) Chromosome paint 

experiments have revealed distinct territories that contain entire chromosomes within the 

nucleus, allowing formation of intra- and inter-chromosomal interactions that may regulate 

transcription or other tasks of the nucleus. 
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Figure 1-5. Plasticity in epigenomic landscapes may allow for transcriptome 

reprogramming in disease. Adapting Waddington’s concept of, to paraphrase, the 

chemical tendencies underpinning the epigenetic landscape (The Strategy of the Genes. 

New York: The Macmillan Company; 1957), the figure depicts how, when some of the 

chemical tendencies (A; which we now know to be the DNA, proteins and RNA that 

establish the 3D structure of the epigenome, blue semicircles) are perturbed by 
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experiment or environment (B), the red ball (which here represents a cell or cell 

population) can adopt different positions along the energy landscape, becoming 

sufficiently plastic to enable disease-associated gene expression. 
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Figure 1-6. Model for epigenomic changes in development and disease. 

Development is accompanied by changes in chromatin structure and regulation to endow 

terminally differentiated cells with stable transcriptomes. Disease upsets this balance, 

transitioning select regions of the genome into more dynamic conformations through 

effects on chromatin structure, enhancer-gene looping and alterations in histone 

modification, DNA methylation and other factors. This model is based on findings 

reviewed in the current paper and adapted from Rosa-Garrido et al., Circulation 2017.  
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Figure 1-7. Cardiac epigenetic therapies. Changes in chromatin structure during 

cardiovascular pathologies alter gene expression and thereby phenotype. Epigenetic 

therapies (examples include HDAC inhibition, BET inhibition, chromatin structural protein 

modulation, and chromatin loop or DNA methylation targeting by CRISPR/Cas9 tools) 

could be designed to reverse these changes by targeting intermediate chromatin features 

like accessibility and structure.  
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Table 1-1. Gain/Loss of Function Studies on Chromatin Modifiers in the 

Cardiovascular System. 
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Table 1-1 (continued). Gain/Loss of Function Studies on Chromatin Modifiers in the 

Cardiovascular System. 
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Table 1-1 (continued). Gain/Loss of Function Studies on Chromatin Modifiers in the 

Cardiovascular System.  
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Table 1-2. List of genes with detected significant (q < 0.01 Fit-Hi-C interactions 

between transcription start and end sites (shown in Figure 1-3). 
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Abstract 

Background: Cardiovascular disease is associated with epigenomic changes in the 

heart, however the endogenous structure of cardiac myocyte chromatin has never been 

determined.  

Methods: To investigate the mechanisms of epigenomic function in the heart, genome-

wide chromatin conformation capture (Hi-C) and DNA sequencing were performed in 

adult cardiac myocytes following development of pressure overload-induced hypertrophy. 

Mice with cardiac-specific deletion of CTCF (a ubiquitous chromatin structural protein) 

were generated to explore the role of this protein in chromatin structure and cardiac 
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phenotype. Transcriptome analyses by RNA-seq were conducted as a functional readout 

of the epigenomic structural changes. 

Results: Depletion of CTCF was sufficient to induce heart failure in mice and human 

heart failure patients receiving mechanical unloading via left ventricular assist devices 

show increased CTCF abundance. Chromatin structural analyses revealed interactions 

within the cardiac myocyte genome at 5kb resolution, enabling examination of intra- and 

inter-chromosomal events, and providing a resource for future cardiac epigenomic 

investigations. Pressure overload or CTCF depletion selectively altered boundary 

strength between topologically associating domains and A/B compartmentalization, 

measurements of genome accessibility. Heart failure involved decreased stability of 

chromatin interactions around disease-causing genes. In addition, pressure overload or 

CTCF depletion remodeled long-range interactions of cardiac enhancers, resulting in a 

significant decrease in local chromatin interactions around these functional elements.  

Conclusions: These findings provide a high-resolution chromatin architecture resource 

for cardiac epigenomic investigations and demonstrate that global structural remodeling 

of chromatin underpins heart failure. The newly identified principles of endogenous 

chromatin structure have key implications for epigenetic therapy. 
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CLINICAL PERSPECTIVE 

What Is New? 

• Chromatin capture and DNA sequencing were used to determine the endogenous 

structure of the cardiac myocyte epigenome. 

• Physical interactions between regulatory elements and cardiac disease genes 

have been determined in basal and disease settings. 

• The role of the chromatin structural protein CTCF was examined using an in vivo 

loss-of-function model, revealing its role in chromatin organization and disease. 

What Are the Clinical Implications? 

• Epigenomic plasticity is identified as a common feature of cardiac pathophysiology 

induced by distinct stimuli. 

• Knowledge of the dynamics of genomic interactions in disease may enable new 

strategies for therapeutic intervention. 
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INTRODUCTION 

Heart failure is a devastating condition that affects 6.5 million adults in the USA.1 

Although it is a multi-organ disease, heart failure is driven by changes in cardiac myocyte 

biology, including cell death, calcium handling, myofilament function, metabolism and 

other factors. Underlying this complex cellular malfunction are gene expression changes, 

orchestrated by a network of transcription factors and chromatin remodeling enzymes.2-5 

Despite this knowledge, the basic folding principles of the cardiac myocyte epigenome 

have never been revealed and the role of chromatin structural changes in cardiovascular 

disease is unknown. 

Correct packaging of the genome within the nucleus determines appropriate gene 

expression and cellular function.6 Nucleosomes are differentially positioned along 

chromosomes, a process controlled by chromatin remodelers and histone modifying 

enzymes.7 Tracks of nucleosomes adopt fiber-like structures that in turn compose the 

three-dimensional architecture of endogenous chromatin, a process that is necessary for 

orderly storage and controlled accessibility of genetic information.8 

Chromatin modifications are engaged in a developmentally tuned manner to 

enable both the unidirectional procession of differentiation and transcriptome stability. 

Cells employ enhancers9—distal regulatory regions that host histone post-translational 

modifications and have an increasingly appreciated role in cardiovascular disease10-12—

and chromatin binding proteins which, together with transcription factors, sculpt the 

transcriptome. Among chromatin structural proteins, CTCF has been attributed a key role 

in modulating genome architecture13 and maintaining regions of genome accessibility 

across cell types.14 Once cellular lineages have been established, prevailing proteomic 
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programs ensure that upon division, the correct epigenomic landscape is reestablished 

in daughter cells, maintaining lineage fidelity. An underexplored area of chromatin biology 

is how epigenomic stability is maintained in vivo when cells have exited the cell cycle. 

Adult mammalian cardiac myocytes do not readily divide and the heart lacks robust 

regenerative capacity. While epigenetic transitions in cardiovascular development have 

been investigated in cell culture,15, 16 much less is known about the adult heart. Previous 

studies have demonstrated a role for histone modifying enzymes3 and the readers of 

these modifications,17 but whether three-dimensional configuration of the genome 

contributes to heart disease remains to be determined.  

Recent investigations have demonstrated the existence of topologically 

associating domains (TADs) as regions of chromatin that exhibit a higher level of local 

interactions. These structural neighborhoods of the genome may facilitate co-regulation 

of gene expression and are shared across many biological conditions, suggesting they 

are fundamental features of the genome.8, 18 However the specific nature of interactions 

within and between these TADs in cardiac cells, and the additional hierarchical levels of 

chromatin packaging (including local interactions, long range interactions, enhancer-gene 

interactions and chromatin looping) utilized in the cardiac myocyte nucleus in health and 

disease, are unknown.  

The findings of the present study establish a high-resolution, genome-wide 

resource of endogenous chromatin interactions in cardiac myocytes, which can be used 

by future investigations to examine virtually any genomic locus. In addition, the results 

demonstrate specific areas of the epigenome that are structurally reorganized in pressure 

overload-induced heart disease, revealing how enhancers interact with disease causing 
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genes and the role of chromatin looping in cardiac gene expression. Using a 

physiologically relevant form of afterload-induced cardiac disease (plus a lineage targeted 

loss-of-function CTCF knockout mouse as a unique model for comparison), this 

investigation examines the role of global epigenome structure in heart failure.  
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METHODS 

 All animal studies were approved by the UCLA Animal Research Committee in 

compliance with the NIH Guide for the Care and Use of Laboratory Animals. Human 

samples used in this study were procured in the Ronald Reagan Medical Center at UCLA 

following patient consent according to Institutional Review Board-approved protocol. This 

study used DNA from adult mouse cardiac myocytes isolated from control mice or two 

distinct disease models (pressure overload-induced hypertrophy and CTCF-KO) to 

perform chromosome conformation capture (Hi-C) analysis to determine endogenous 

chromatin structure (all sequencing-based studies were performed on n ≥3 biological 

replicates per group; n values for all other endpoints are provided in figure legends). 

Transcriptome analyses were carried out using RNA-seq to examine the functional 

readouts of any structural changes in the epigenome. Chromatin structure was then 

examined at multiple scales to determine structural units, hierarchical organization and 

three-dimensional regulation of accessibility and transcription.  

 

Statistical Analyses 

 All sequencing-based studies were performed on n ≥3 biological replicates per 

group; n values for all other endpoints are provided in figure legends. The statistical tests 

performed for each endpoint are listed in the individual figure legends, described in the 

Online Supplemental Methods and are summarized here: Student’s t-test: Figure 2-1a, 2-

1e, 2-8c, 2-8e and 2-10; Tukey test: Figure 2-1c; Wilcoxon test: Figure 2-2f; Pearson 

correlation: Figure 2-9b; RNA-seq data: Cuffdiff was used to determine differential gene 

expression and assign p-values and q-values for each gene; for interaction analyses in 
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Figures 2-4b-d and Figure 2-5: Fit-Hi-C was used to filter for cis interactions with q-value 

< 0.01 which were then used to map interactions.  

Detailed methodology for all experiments and analyses are available in the Online 

Supplement. 
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RESULTS 

Chromosome conformation capture   

Chromatin was purified from isolated cardiac myocytes and subjected to 

chromosome conformation capture (Hi-C). Mappability of reads was 63-65% across 

experimental groups (Figure 2-7A) at a depth of sequencing enabling examination of 

interactions with 5kb resolution (Figure 2-7B). No significant differences were observed 

across experimental groups in terms of number of interactions analyzed and run-to-run 

variability was low (Figure 2-7C). Unless otherwise noted in the figures, all “control” 

groups were from myocytes isolated from untreated adult wild type mice (all mice used in 

this study are C57BL/6 background). With this high-resolution resource, one can explore 

the physical environment of virtually any genomic locus in the cardiac myocyte at multiple 

scales including topologically associating domains, A/B compartmentalization, chromatin 

looping, enhancer interactions and gene interactions. Sequencing data have been 

uploaded to NCBI with the GEO accession number GSE96693 and are publically 

available. 

 

Loss of CTCF causes cardiomyopathy 

A mouse line with inducible, cardiac myocyte-specific ablation of CTCF was 

generated. Mice with a loxp flanked Ctcf allele (Ctcfflox/flox mice) were crossed with mice 

expressing a transgenic tamoxifen-inducible Cre protein under the control of the α-MHC 

promoter (MerCreMer mice). When administered tamoxifen in the diet for 5 weeks 

followed by 1 week on regular chow (Figure 2-8A, right panel), Ctcfflox/flox-MerCreMer+/- 

mice display selective excision of the targeted region of the Ctcf gene (Figure 2-8B) and 
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exhibit a gradual loss of the transcript in isolated cardiac myocytes (Figure 2-8C). Further 

depletion in CTCF levels was associated with poor survival (Figure 2-8D); as a control, 

treatment of Ctcfwt/wt-MerCreMer+/- mice with tamoxifen had no sustained effect on cardiac 

function or morphology (Figure 2-8G-I). The experimental mice—Ctcfflox/flox-MerCreMer+/- 

animals treated with tamoxifen to induce CTCF depletion—had ~80% reduction in CTCF 

protein levels (Figure 2-8F) and are henceforth referred to as CTCF-KO mice. A separate 

cohort of wild type mice were subjected to pressure overload stress (through surgical 

application of transverse aortic constriction,19 abbreviated TAC) which induces heart 

failure through clinically-relevant pathophysiological adaptation. 

Phenotypic examination of the CTCF-KO mice revealed a striking cardiomyopathy 

(Figure 2-1 and Figure 2-8G-I). Loss of CTCF leads to impaired ejection fraction, left 

ventricular chamber dilation and muscle hypertrophy at the organ and cell level (Figure 

2-1A-C). The TAC mice, by contrast, also exhibit hypertrophy accompanied by more 

modest changes in both chamber size and ejection fraction, demonstrating that these 

animals (CTCF-KO and TAC mice) represent distinct pathophysiological models. 

Examining CTCF expression in a genetically heterogeneous population of wild type mice 

revealed consistent down-regulation following pathologic stimuli and an inverse 

correlation with pathologic measurements of heart size (Supplemental Figure 2-9A and 

B; interestingly, CTCF protein and mRNA levels were unchanged after TAC [data not 

shown], further suggesting that these models of disease, although they share some 

phenotypic characteristics, have important molecular and pathophysiological 

distinctions). The time course for chamber dilation, diminished EF and CTCF depletion in 

CTCF-KO mice were similar (Figure 2-8C and 2-8H), and agreed with that for pathologic 
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gene activation (Figure 2-10). CTCF-KO and TAC led to fibrotic deposition (Figure 2-1B, 

bottom panel) and activation of known heart failure genes2 (Figure 2-1D; Figure 2-7D 

shows RNA-seq data quality statistics). Caspase-3 cleavage assays to measure 

apoptosis showed no difference between CTCF-KO and control animals (Figure 2-11, 

suggesting, but not proving, that impairment of cardiac function is secondary to necrosis). 

In human heart tissues harvested before and after implantation of left ventricular assist 

devices (LVADs)—which mechanically unload the heart, allowing reverse remodeling of 

diseased tissue—CTCF levels were increased after device implantation (Figure 2-1E-G; 

see Figure 2-12 for patient clinical data; unavailability of healthy human hearts precluded 

measurement of CTCF expression in these tissues).  

 

Endogenous chromatin architecture in healthy and diseased myocytes 

We next sought to examine the large-scale alterations in chromatin structure 

underlying heart disease in the mice subjected to TAC. There are several important 

differences in the pathophysiology between the CTCF-KO and TAC mice, and thus the 

former is used herein as a type of alternate disease model to investigate similarities and 

differences in global chromatin changes in different forms of heart failure. Analyses of 

topologically associating domain (TAD) architecture in wild type, CTCF-KO mice or TAC 

mice demonstrate TADs to be stable features of chromatin structure (Figure 2-2A; 

average TAD size = 445kb). The number of TAD boundaries across the entire genome 

varied by <2%, with 3686, 3746 and 3705 boundaries called in control, CTCF-KO and 

pressure overload, respectively. Boundary strength, however, was differentially altered 

across the genome (Figure 2-2B shows the distribution across chromosomes for control 
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versus TAC; Figure 2-2C shows quantitation; Figure 2-13A shows all chromosomes in all 

conditions; Figure 2-14A shows PCA for boundary strength). CTCF-KO or TAC chromatin 

each hosted new boundaries (Figure 2-14B; “new” include shifted boundaries and de 

novo formation; note: local rate of change in insulation score determines boundary 

strength20).  

Chromatin can be divided into active and inactive regions,21 called A and B 

compartments respectively, which were affected to only a minor degree by loss of CTCF 

or TAC. Compartmentalization changes were sparse (Figure 2-2D-E) and ranged from <2 

to ~8% of interaction bins genome wide. The scale of the total genome changing 

compartmentalization was almost identical (~4%) after CTCF-KO or TAC (Figure 2-2E). 

Changes in compartmentalization correlated positively with gene expression: that is, 

genes moving from A to B were down-regulated and B to A up-regulated (Figure 2-2F). 

Loss of CTCF elicited a transcriptional profile that shared some (41% of genes) features 

with TAC (Figures 2-2G-H; Figure 2-14C shows PCA of transcriptome data) as well as 

known marker gene activation (Figure 2-1D). Genes determined by ChIP-seq to harbor 

CTCF in their transcription start sites (TSSs) were enriched in pathways associated with 

cardiac disease (Figure 2-14D).  

 

Chromatin looping is altered with CTCF KO or TAC 

The hierarchical nature of chromatin results in a preponderance of short-range 

interactions, while simultaneously necessitating long-range looping (Figure 2-3A). One 

such long-range interaction affected by CTCF depletion and TAC is shown in Figure 2-

3B. Quantitative analysis shows that loss of CTCF or TAC were associated with a 
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decrease in the total number of long-range loops, without a gross change in loop size 

(Figure 2-3C). Of dynamic loops in disease, 51% of those disappearing were shared 

between CTCF-KO and TAC, whereas only 15% of those appearing were shared; the raw 

number of loops lost in disease was also greater than the number formed (Figure 2-3D). 

In control chromatin, 37% (3056 out of 8240; Figure 2-3E) of loops were flanked by two 

CTCF peaks (78% ≥1 peak) and loss of one CTCF peak was sufficient to destroy loops 

in 37% of the cases (326 out of 879; Figure 2-3F). Within reorganized loops, enrichment 

for genes in pathways associated with cardiovascular function was observed (Figure 2-

14E; a caveat here is that analysis of cardiac myocytes may increase the chances that 

enriched ontology terms are of cardiovascular relevance).  

Among total loops, a subset is responsible for bringing together enhancers and 

promoters (Figure 2-3G-H). In agreement with aberrant gene expression in both 

conditions (Figure 2-2F-H), lost loops in CTCF-KO and TAC chromatin were enriched in 

genes associated with cardiac pathology (Figure 2-14F).  

 

 

Heart failure involves altered enhancer-gene interactions 

Focusing more deeply on significant interactions that contribute to gene expression 

can reveal the physiological implications of genomic structure. For example, Ppp3ca, a 

gene implicated in calcium dependent signaling and cardiac hypertrophy4 exhibited a 

consistent decrease in total interactions in CTCF-KO or TAC conditions (Figure 2-4A).  

Notably, of 9194 expressed genes for which significant (q<0.01) Fit-Hi-C data were 

available, 60% had the same direction of change of interactions in CTCF-KO and TAC 
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conditions. Of the 40% of genes with unique behavior in the diseased condition, the 

majority (75%) were different because one of the two (CTCF-KO or TAC) exhibited no 

change in interaction; 25% were situations in which the change in interaction was 

opposite between CTCF-KO and TAC. Of the genes with shared changes in interactions 

in CTCF-KO and TAC that also underwent differential expression (3651 out of 5443), the 

vast majority (86%) experienced decreased local interactions (Figure 2-4B). These 

findings support a trend in which more fluid chromatin interactions are associated with 

gene expression and where alterations in expression (when they occur) after perturbation 

are more likely to be in the same direction in CTCF-KO and TAC compared to control. 

Figure 2-4C shows the top 40 differentially expressed genes selected for the number of 

interactions in the control condition, demonstrating a consistent decrease in interactions 

in CTCF-KO and TAC.  

Distinct mechanisms of gene regulation were associated with distinct changes in 

chromatin microenvironment, represented in three example genes (Figure 2-4D). 

Expression of Nppa (Figure 2-4D, left; top is control interaction matrix, middle has specific 

interactions colored by significance and bottom has RNA-seq expression tracks) a known 

marker for heart failure in mice and humans,2 was increased in CTCF-KO and TAC. 

Nearby local interactions are dense but relatively unchanging, whereas those impinging 

on the Nppa gene (demarcated by vertical lines) are decreased. Expression of Kcnd2, a 

potassium channel implicated in sudden death,22 was down-regulated and the locus 

exhibited a notable decrease in long-range interactions in CTCF-KO and TAC (Figure 2-

4D, center).  Lastly, a third class of regulatory scheme is represented by Mef2c, whose 

expression changes with neither CTCF-KO nor TAC but which undergoes a high degree 
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of splicing regulation23 and is a central driver of cardiac gene expression24 (Figure 2-4D, 

right). This locus underwent a consistent decrease in chromatin interactions up- and 

down-stream of the gene in CTCF-KO and TAC, suggesting a loosening of the local 

chromatin environment.  

Enhancers are regions of the genome that positively influence gene expression 

and are identified on the basis of diagnostic histone post-translational modifications. How 

enhancers are regulated in the three-dimensional context of the cardiac nucleus is 

unknown. Of previously identified enhancers from adult cardiac myocytes,11 5050 

contained significant Fit-Hi-C interactions. These enhancers consistently exhibited 

decreased interactions after perturbation (Figure 2-5A). Indeed 47% of enhancers 

exhibited decreased interactions in CTCF-KO and 67% of enhancers exhibited decreased 

interactions in TAC (Figure 2-5B, left and center). Remarkably, of the enhancers that were 

shared between the two conditions, 85% showed a decrease of interactions in both 

CTCF-KO and TAC (Figure 2-5B, right). Figure 2-5C further illustrates that CTCF-KO and 

TAC were both associated with decreased enhancer-gene interactions (the directionality 

of gene expression change is reported in the different cohorts of enhancers from Figure 

2-5B) and the affected genes were enriched in cardiac pathology pathways (Figure 2-

14G).  Rock2, previously implicated in cardiac disease,25 is an example gene whose 

interactions with multiple enhancers are depleted in the setting of CTCF-KO or TAC 

(Figure 2-5D; Online Tables 1-3). These findings indicate that a global increase in 

chromatin fluidity around enhancers is a shared feature of cardiac pathology. 
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DISCUSSION 

This study provides a resource of endogenous chromatin architecture in cardiac 

myocytes and describes the global changes in chromatin interactions during heart failure. 

With this data, the basal microenvironment of any genomic locus can be explored in the 

future and changes in this microenvironment can be examined in the setting of pressure 

overload-induced heart failure. As a model of heart disease caused by increased afterload 

(including hypertension and aortic stenosis), TAC was used in this study to investigate 

how global changes in the epigenome participate in disease pathogenesis—the CTCF-

KO mouse was used as a complementary tool to investigate the role of a critical chromatin 

structural protein. Interestingly, loss of CTCF or pressure overload-induced heart failure 

caused greater dynamics of endogenous chromatin structure and specific reorganization 

of enhancer-gene interactions. Depletion of CTCF resulted in a phenotype that shared 

some features of that induced by pressure overload (including fibrosis, hypertrophy, 

changes in EF and changes in chamber dimensions), although there were notable 

differences between these phenotypes (particularly in the extent of LV dilation), meaning 

that CTCF-KO does not fully recapitulate and is thus not a model of pressure overload 

hypertrophy, but rather, is a form of dilated cardiomyopathy with hypertrophy and fibrosis. 

Human heart failure patients treated with left ventricular assist devices to unload the heart 

demonstrated increased CTCF protein and mRNA levels. While this observation is 

interesting, caution is warranted in the extrapolation of these findings to the clinical arena: 

future cohort studies in cardiomyopathies of distinct etiology will be required to fully 

understand the role of CTCF in human heart failure. 
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Although the pattern of chromosome organization during mitosis is well known, 

how the genome is structured during interphase or in cells that have exited the cell cycle 

has remained a mystery until very recently. Interphase nuclei form chromosomal 

territories (features mainly characterized by microscopy),26 which serve to segregate 

entire chromosomes apart from each other. The development of genome-wide DNA 

sequencing-based approaches in the past few years has enabled precise determination 

of sub-chromosomal genome architecture.8, 18, 27 This information—that is, how the 

genome is packaged in different cells—is important for basic science reasons (e.g. to 

answer fundamental questions about the structure-function relationship between an 

invariant genome and a highly variable transcriptome [amongst different cells in a multi-

cellular organism]) as well as for translational implications (e.g. many different diseases 

involve changes in epigenetic machinery, but understanding how these chromatin 

modifiers exert their control of disease phenotype requires determination of the substrate 

on which they operate, i.e. the structural conformation of the epigenome). With these 

considerations in mind, the present study investigates each of the various levels of 

hierarchical organization of cardiac chromatin including: the formation of TADs and the 

compartmentalization of large swaths of the genome (Figure 2-2 and Figure 2-13), 

intermediate structural features, including chromatin loops of various lengths (Figure 2-

3), precise remodeling of interactions around genes involved in disease pathogenesis 

(Figure 2-4), and the structural organization of non-coding functional units (i.e. enhancers, 

which incorporates existing knowledge of post-translational modifications decorating 

histones at specific genomic loci) near the genes they modify (Figure 2-5). 
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The present study and previous work in the field suggest that heart failure is 

associated with a plastic epigenome (Figure 2-6): widespread changes in boundary 

strength (Figure 2-2C); decreased formation of chromatin loops (Figure 2-3C-D); 

decreased interactions in local chromatin environment of differentially expressed genes 

(Figure 2-4); and more fluid interactions between enhancers and genes (Figure 2-5). 

These findings support previous studies of heart failure showing global DNA 

demethylation,28 altered histone stoichiometry and a decrease in heterochromatic post-

translational modifications,19, 29, 30 activation of pathogenic noncoding RNAs,31, 32 and 

aberrant transcriptional activation.3, 4, 33 Heart disease has been speculated to be the 

result of a reversion to more primitive gene expression programs2—the present findings 

extend this hypothesis, identifying shared epigenomic features in response to cellular 

stress.  

While CTCF has been associated with TAD boundaries,34-36 its structural role has 

been unclear in post-mitotic cells in vivo. The present study explores the role of CTCF in 

cardiac epigenome stability, but cannot unequivocally conclude whether CTCF is 

dispensable for TAD maintenance, insofar as residual CTCF was present. A recent 

investigation, using an auxin-inducible degron approach to deplete CTCF protein in 

mouse embryonic stem cells, demonstrated that near complete depletion of CTCF was 

required to influence gross chromatin organization, with TAD structure still observed with 

as low as 4% of normal CTCF protein levels.37 In the present paper, because many loops 

did not harbor CTCF, and a large number of loops with unchanged CTCF binding were 

altered in their conformation, these findings support a model in which other factors 

stabilize chromatin looping and CTCF participates in gene regulation through 
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mechanisms in addition to anchoring. Other insulator proteins (e.g. cohesins, which 

behave similarly to CTCF across a population of mice and are modestly down-regulated 

in CTCF-KO mice [Figure 2-9A], suggesting that cohesins and CTCF are co-regulated in 

circumstances of global chromatin remodeling) may stabilize TADs, in addition to histone 

H3 lysine 27 trimethylation (globally unchanged in CTCF-KO, Figure 2-8F) and perhaps 

DNA methylation. CTCF is essential for development beyond embryo implantation38 and 

longer-term depletion in the heart was lethal (Figure 2-8D). This investigation 

demonstrates that subtle perturbations in the structure of gene expression domains can 

result in catastrophic malfunction of the myocyte and heart, in agreement with previous 

findings implicating CTCF in disease-related transcription in other organs.39 Cell death in 

the heart is an active area of investigation40 and while our studies found no evidence for 

apoptotic cell death, it is possible, given the progressive nature of this phenotype, that the 

CTCF-KO cardiomyopathy is driven by one or more forms of cell death to be determined 

in future studies. Our previous investigations41 showed that CTCF knockdown was 

sufficient to induce cell death in HeLa cells but not in neonatal rat ventricular myocytes 

and other investigations in non-cardiac cells have suggested that aberrant CTCF function 

leads to abnormal cell death decisions, such as in cancer.42  

Recent studies have identified a role for loops in the formation of chromatin 

neighborhoods to insulate against aberrant—and to coordinate synchronized—

expression of genes.43 In addition, ChIP-seq investigations of histone marks have 

provided important insights into how these features correlate with gene expression.11 With 

high resolution chromatin conformation data, the more biologically relevant approach can 

be taken to examine enhancers in the circumambient context in which they operate.44 
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The present findings are a resource for examining gene regulation by virtually any known, 

or to-be-discovered, cardiac enhancer as well as to explore newly identified three-

dimensional features of the cardiac nucleus. 

 In summary, these studies point to a common entropic destination for 

pathologically disturbed chromatin, supporting a model wherein chromatin structural 

abnormalities underpin the complex cellular networks that go awry in disease and 

providing a new conceptual framework to engineer therapies.  
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MATERIALS & METHODS 

 

Hi-C Methodology 

For each replicate (n≥3 for all sequencing experiments in this paper), one million isolated 

adult cardiomyocytes were fixed in 1% formaldehyde and underwent in situ Hi-C as 

described,45 using MboI as the restriction enzyme. Hi-C libraries were sequenced on an 

Illumina HiSeq 4000 instrument. Please see Figure 2-7 for detailed data on read counts, 

cis/trans interactions, and mappability. All sequencing data have been uploaded to NCBI 

with the GEO accession number GSE96693. 

 

Bioinformatics Analyses of Hi-C Data 

Raw paired-end 50bp reads were mapped to mm10 using BWA-MEM46 as recently 

described.14 Raw genome-wide contact matrices were generated using a custom Perl 

script. To normalize genome-wide raw contact matrices, we first removed bin pairs that 

fell outside the 5th and 99.5th percentiles (that had abnormally low or high coverage, 

respectively). We then used a custom Perl script to perform iterative correction and 

eigenvalue decomposition (ICE) on the filtered matrices for 50 iterations.47 We then 

divided all entries in each genome-wide contact matrix by the corresponding matrix sum, 

and then multiplied them by the arbitrary value of 1 billion for 5kb resolution or 1 million 

for 40kb and 50kb resolution.20 For the main analyses in this study, all biological replicates 

were combined. 

For the individual replicate analyses, we generated replicate-specific contact 

matrices using the methods described above, and then calculated a Pearson correlation 
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for the ice-corrected and normalized cis bin pairs for which we measured interactions in 

each replicate pair. We then plotted log10(normalized interactions) for each replicate on a 

respective axis using the smoothScatter() function in R. Once we determined a high 

correlation between replicates, we pooled the 3 replicates of each sample type together. 

To generate 40kb z-score matrices, we first generated 40kb normalized contact 

matrices from the combined replicates for each sample type, using the methodologies 

described above. Z-score cis matrices were then generated using the loess method,20 

using the following function from the HiTC package48 in Bioconductor: 

normPerExpected(matrix, method=”loess”, span=0.005, stdev=T). Then, q-values were 

calculated using the zscore2pval.R script in https://github.com/dekkerlab/cworld-dekker. 

Significant q-values < 0.01 were used for downstream analyses and Circos plot 

generation in R. 

Identification of AB compartments at 5kb resolution was performed using the 

prcomp() function in R and correlating PC1 values to gene density. To generate a 

heatmap of difference in AB compartmentalization, we first determined the bins on 

autosomes that underwent compartment change in at least one sample. Then, we 

performed k-means clustering with k = 5. The AB difference graphs were generated using 

the following logic: If the PC1 value of a given bin of a diseased sample became more 

positive or less negative when compared to control, then the difference was deemed 

“positive” and the magnitude was shown in orange as a positive difference. Contrastingly, 

if the PC1 value of a given bin of a diseased sample became more negative or less 

positive, then the difference was deemed “negative” and the magnitude was shown in 

purple as a negative difference. To compare AB compartment changes with gene 
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expression differences, we determined the AB compartmentalization for the TSS bin for 

each autosomal gene and then generated boxplots showing compartment change on the 

x-axis and log2(fold-change) of FPKM on the y-axis. 

Insulation scores were calculated using the method,20 using a 500kb sliding 

window across each 5kb normalized cis contact matrix. Insulation scores for all samples 

were normalized together using the normalize.quantiles() function of the preprocessCore 

package in Bioconductor (originally described49). The delta vector for each insulation 

score profile was generated using a custom R script, using a 500kb sliding window across 

each 5kb normalized contact matrix, and a 100kb outward distance to the left and right of 

each bin to calculate the slope of the insulation score. Insulation boundaries were defined 

as local minima in the insulation score, and boundary strength was calculated. We 

discarded boundaries with strength < 0.1.20 Insulation boundary heatmaps were 

generated by first calculating the insulation boundaries that overlap between control and 

CTCF knockout, and between control and TAC. Then, we generated heatmaps of 

overlapping boundary strength changes per autosome. 

To call and visualize chromatin loops, we used Juicer50 and Juicebox.51 We first 

ran juicebox_tools_7.0 pre to generate .hic files for each condition, using reads with 

mapping quality ³ 10. We then used juicebox_tools_7.0 hiccups, a functionality of Juicer, 

to call loops on the .hic files, using default parameters. Juicebox v1.5 was used to 

visualize the data. We then utilized the InteractionSet library 52 for custom downstream 

analyses. 

 

Interaction Calling via Fit-Hi-C  
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To call significant interactions in our 5kb cis interaction matrices, we used the 

Bioconductor version of Fit-Hi-C 

(https://bioconductor.org/packages/release/bioc/html/FitHiC .html)53 with the following 

parameters to analyze mid-range interactions up to 20Mb: distUpThresh=20000000, 

noOfBins=200. As input, we used concatenated raw autosomal 5kb cis interaction 

matrices and concatenated autosomal ICE bias vectors generated from our custom ICE 

implementation. After running Fit-Hi-C, we converted cis interactions with q-value < 0.01 

into InteractionSet52 format for interrogations of significant interactions using R. 

 

Data Visualization 

All visualizations of Hi-C data were generated either using custom R scripts written in 

house or using Juicebox.51 For custom visualizations, we used the Bioconductor package 

ggbio.54 

 

RNA-seq Methodology 

Total RNA from isolated adult cardiomyocytes was isolated using the Qiagen RNeasy 

Mini Kit (Cat# 74104). RNA quality was assessed using the Agilent 2100 Bioanalyzer 

(Cat# G2940CA). Ribosomal RNA was then removed using an Illumina Ribo-Zero rRNA 

Removal Kit (Cat# MRZH11124) and the RNA-seq library was prepared at the UCLA 

Clinical Microarray Core using the KAPA Stranded RNA-Seq Library Preparation Kit (Cat# 

KK8401). The average insert size of each library was measured using an Agilent 4200 

TapeStation (Cat# G2991AA). All libraries ranged from 200 to 400bp in length. RNA-seq 
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libraries were sequenced on two lanes of an Illumina HiSeq 2000 to obtain 2x100bp 

(paired-end) reads. On average, ~50 million raw pairs were generated per library. 

 

Bioinformatics Analyses of RNA-seq Data 

Raw paired-end 100bp reads were sequenced on two lanes of an Illumina HiSeq 2000, 

and FASTQ files were demultiplexed using a custom Python script. Reads were mapped 

to the mm10 genome with TopHat v2.1.0,55 using mm10 bowtie2 indices and a reference 

GTF provided by iGenomes (Illumina, downloaded from Ensembl release 81 on July 17, 

2015). Transcripts were assembled using Cufflinks56 v2.2.1 with the -G parameter (using 

the same GTF), and merged using the Cuffmerge feature of Cufflinks with the -g and -s 

parameters (using the same GTF and the reference FASTA provided by iGenomes, 

respectively).56, 57 Cuffquant (from Cufflinks v2.2.1) was performed to determine transcript 

abundances for all samples, using the -b parameter (with reference FASTA from 

iGenomes), and the --max-bundle-frags 5000000 and -u parameters. Cuffdiff (also from 

Cufflinks v2.2.1) was used with identical extra parameters as Cuffquant to determine 

differential gene expression between conditions and assign p-values and q-values for 

each gene. Visualization of RNA-seq data was performed using cummerbund,58 ggbio,54 

as well as custom R scripts. 

 

ChIP-seq Methodology  

ChIP for CTCF (Active Motif Cat# 61311) was performed on pooled isolated 

cardiomyocytes (~10 million total), using the ChIP-IT High Sensitivity Kit as described.41 

Cardiomyocyte pools were obtained from 3 control and 3 CTCF KO hearts. ChIP-seq 
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libraries were prepared using the NuGEN Ovation Ultralow System V2 1–16 kit (Cat# 

0344). 

 

Bioinformatics Analyses of ChIP-seq Data 

ChIP-seq libraries were sequenced on an Illumina HiSeq 2000 instrument. Raw single 

end 50 bp reads were demultiplexed using a custom Python script and then mapped to 

the same mm10 Ensembl reference genome as the RNA-seq data, but using Bowtie259 

v2.2.6 with default parameters. Samtools60 v0.1.19 was used to convert SAM files to BAM 

format, and peak calling was performed using the macs2.1.1.2016.0309 callpeak 

function61 with default parameters. The CTCF ChIP BAM file was used as the treatment 

file and input BAM file as the control. A filtering step was added in R to only keep 

autosomal peaks. 

 

ChIP-seq Visualizations 

To visualize the distribution of CTCF peak occupancy across features of the mm10 

genome, we used the ChIPseeker62 package in Bioconductor. We used ngs.plot63 to 

generate coverage heatmaps around TSSs and insulation boundaries. 

 

KEGG Analysis 

To determine the gene ontology of genes of interest, we used a custom R script that uses 

KEGG.db in Bioconductor,64 with custom visualization. 
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Cardiomyocyte Isolation 

Using an established protocol,65 adult mice were treated with heparin (100 USP units) for 

20 minutes to prevent blood coagulation, and then anesthetized with sodium pentobarbital 

(100µl of 50mg/ml dilution, intra-peritoneal). Upon loss of rear foot reflex, the heart was 

removed and instantaneously arrested in ice-cold phosphate buffered saline (PBS) and 

mounted on a modified Langendorff apparatus. After 5 min of perfusion with Tyrode’s 

solution (130mM NaCl, 5.4mM KCl, 1mM MgCl2, 0.6mM Na2HPO4, 10mM glucose, and 

10mM HEPES, pH 7.37, oxygenated with 95% (v/v) O2-5% (v/v) CO2) at 37°C, the heart 

was perfused for 15-30 min with 30 ml Tyrode’s containing 20mg collagenase type-II and 

3mg protease type-XIV and then washed for an additional 10 min with Krebs buffer (KB) 

(25mM KCl, 10mM KH2PO4, 2mM MgSO4, 20mM glucose, 20mM taurine, 5mM creatine, 

100mM potassium glutamate, 10mM aspartic acid, 0.5mM EGTA, 5mM HEPES, pH 7.18) 

oxygenated with 95% O2-5% (v/v) CO2. Cardiomyocytes were dissociated in KB solution, 

filtered (100µm strainer) and centrifuged 2 min at 1000xg for further usage. This method 

obtained cells that were ≥95% cardiomyocytes by visual inspection of rod-shaped cell 

morphology. 

 

Post-mortem histology, Cell Size Quantification and Fibrosis Detection 

Whole hearts were rapidly excised from animals, perfused with 0.1 M potassium (K+) 

solution, fixed using 4% paraformaldehyde and then embedded in paraffin. Hearts were 

sectioned into 4μm thick sections. Cell size was determined using NIS-Elements 

Advanced Research v4.0, on heart slices labeled with wheat germ agglutinin (Thermo 
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Fisher Scientific Cat# W11262). Fibrotic tissue was visualized using the Abcam 

Picrosirius Red Stain Kit (Cat# ab150681). 

 

CTCF Knockout Mouse Generation 

Ctcf-floxed (Ctcfflox) mice, in which loxP sites flank exons 3–12, were previously 

reported.66 The floxed allele occurs in the C57BL/6 background. To generate cardiac Ctcf 

cKO mice, we crossed Ctcfflox/flox mice with transgenic mice expressing the α-myosin 

heavy chain promoter that directs expression of a tamoxifen-inducible Cre recombinase 

(MerCreMer).67 Adult Ctcfflox/flox x α-MHC-MCM+/- mice (8 weeks) were administered 

tamoxifen (Tx) in the chow (0.4mg/g) for 5 weeks plus 1 week on normal chow to deplete 

CTCF.  

 

Transverse Aortic Constriction and Echocardiographic Measurements 

All animal studies were approved by the UCLA Animal Research Committee in 

compliance with the NIH Guide for the Care and Use of Laboratory Animals. Only adult 

mice were used in this study. Adult C57BL/6 male and female mice were subjected to 

transverse aortic constriction surgery to induce pressure overload and cardiac function 

was measured before, directly after and once every 5 days for the duration of the 

experiment as described.19 Animals were sacrificed for experiments based on changes in 

ejection fraction and heart to body weight, indicating the presence of pathology.  

 

Human Samples 
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All human samples used in this study were procured in the Ronald Reagan Medical 

Center at UCLA following patient consent according to IRB#11-001053-AM-00016. 

mRNA and protein were isolated from LVAD biopsy cores or explanted hearts using 

conventional approaches.  

 

Electrophoresis and Western Blotting 

Cardiomyocytes, neonatal rat ventricular myocytes or human heart tissue were lysed 

(50mM Tris pH 7.4/10mM ethylenediaminetetraacetic acid [EDTA]/1% Sodium dodecyl 

sulfate [SDS]/0.1mM phenylmethanesulfonylflouride/protease inhibitor cocktail pellet 

(Roche)/0.2mM sodium orthovanadate/ 0.1mM sodium fluoride/10mM sodium butyrate), 

sonicated, and separated via SDS-PAGE using Laemmli buffer. Detection was performed 

on the LI-COR odyssey. Antibodies were as follows: CTCF mix 1:500 (Abcam, ab70303), 

(Abcam, ab128909), (BD, 612148), (Abiocode, R3171-1), (Diagenode, C15410210-50) 

and (Active Motif, 61311), H3K27me3 1:1000 (Abcam, ab6002), H3K4me3 1:1000 

(Abcam, ab8580), Rad21 1:1000 (Abcam, ab992), GAPDH 1:1000 (Santa Cruz 

Biotechnology, sc20357), Actin 1:1000 (Santa Cruz Biotechnology, sc1616), secondaries 

1:10,000 (LI-COR, IRDye conjugated). Relative quantification for CTCF expression 

normalized with respect to Actin was performed using ImageJ software. 

 

RNA Isolation and qPCR 

RNA from left ventricular adult cardiomyocytes were isolated using TRIzol (Thermo Fisher 

Scientific, 15596018) according to the manufacturer's protocol. cDNA was synthesized 
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using iScript cDNA Synthesis Kit (Bio-Rad, 170-8891). qPCR was performed using 

SsoFast EvaGreen Supermix (Bio-Rad, 172-5201) on a BioRad, C1000 thermocycler.   
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Figure 2-1. Loss of CTCF induces cardiac pathology. (A) Echocardiography 

measurements of ejection fraction (EF) and LV internal diameter at diastole or systole 

(LVIDd or LVIDs) demonstrate impairment of EF and chamber dilation in CTCF-KO 

(purple) and TAC (red) as compared to control (CTRL; green). Heart weight to body 
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weight ratio (HW/BW) indicates cardiac hypertrophy in CTCF-KO and TAC mice 

(n≥25/group; * p<0.01, Student’s t-test). (B) Picrosirius red staining shows fibrosis after 

CTCF depletion or TAC (n=3/group). (C) Top, mean cardiomyocyte area (n=20 visual 

fields of wheat germ agglutinin stained sections across 3 mice per condition); bottom, 

quantitation of fibrosis from picrosirius red sections (n=3/group; * p<0.01, Tukey HSD 

test). (D) Stress response gene expression (log10(FPKM+1)). (E) Real time qPCR 

measurements of CTCF levels in human myocardium before and after LVAD (before 

values normalized to 1 on a per patient basis; n=4, * p<0.01 Student’s t-test, bars SD). 

(F) Western blots of CTCF levels in individual patients before and after LVAD (left); 

quantitation of western blots normalized to actin on a per patient, per sample basis (right). 

(G) Left ventricular end diastolic dimension measurements before and after LVAD. Color-

coding in E-G indicates separate patients. Lines shifted horizontally in G for ease of 

viewing. 
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Figure 2-2. High-resolution cardiac chromatin conformation analyses reveal 

changes in chromatin compartmentalization and gene expression in pressure 

overload and CTCF-KO mice. (A) Structure of topological associating domains (TADs) 

is revealed from contact frequency heatmaps showing cis interaction profile on example 
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chromosome 5 for control, TAC and CTCF-KO chromatin. (B) Strength of boundaries 

between TADs are displayed for all chromosomes comparing control and TAC (red, 

higher; blue, lower; Insets: example region on chromosome 10 in control vs. TAC and 

control vs. CTCF-KO; Figure 2-13A shows control vs. CTCF-KO for all chromosomes). 

(C) Quantitation of insulation score differences in control versus KO (left) or TAC (right). 

Colored dots indicate significant changes (grey dots show range of variation between two 

control conditions: untreated wild type mouse and untreated Cre+/- mouse). (D) A/B 

compartmentalization, an indicator of genome accessibility at individual loci, for an 

example region on chromosome 5 is plotted in blue (open, A) and yellow (closed, B): 

CTRL A/B status on top, CTCF-KO in middle, and TAC on bottom. (E) Quantification of 

the genome-wide changes in A/B compartment change with CTCF depletion (left) or TAC 

(right). Bottom panels highlight only bins that change compartment; dark and light colors 

represent up- or down-regulated genes, respectively. (F) Relationship of 

compartmentalization to gene expression is measured in TAC or CTCF-KO hearts. 

Log2(fold-change) of FPKM for the differentially expressed genes that either remain in the 

same compartment or that change compartments with CTCF depletion (top) and TAC 

(bottom). p-values via Wilcoxon test; whiskers indicate interquartile range. (G) Heat matrix 

(top) showing number of differentially expressed genes between CTRL, CTCF KO, and 

TAC (intensity indicates number of genes). Venn diagram (bottom) showing overlap of 

differentially expressed genes between CTRL vs. CTCF KO and CTRL vs. TAC. (H) 

Heatmap depicting log2(KO/CTRL) and log2(TAC/CTRL) FPKM for the differentially 

expressed genes with q< 0.01 (left). (FPKM) fragments per kb of exon per million mapped 

reads.  
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Figure 2-3. Short- and long-range chromatin interactions, and stable chromatin 

looping, are altered after pressure overload or CTCF-KO. (A) Schematic displaying 

that loops are demarcated by two anchors and contain regions of high-frequency 

interactions, indicated by the colored circles. (B) The bioinformatic tool Juicebox is used 

to display an example loop that is lost with CTCF depletion (middle) and TAC (right). (C) 

Quantitation of the phenomenon in (B) across genome, showing number of chromatin 

loops (left), number of genes within loops (middle), and loop sizes (right; CTRL, green; 

CTCF-KO, purple; TAC, red). (D) Overlap of loops only appearing in CTCF-KO or TAC 
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when compared to CTRL (left); overlap of loops that disappear in CTCF-KO and TAC 

(right). (E) CTRL loops in which zero (green), one (grey), or both (yellow) anchors overlap 

with a CTCF peak. (F) CTRL loops that lose ³ 1 CTCF peak during CTCF depletion (blue) 

and CTRL loops that keep both CTCF peaks during CTCF depletion (red). Darker shade 

indicates loops that were preserved with CTCF depletion, while lighter color indicates 

loops that were lost. (G) Schematic demonstrating types of alterations in looping 

architecture that can occur, including loss of loops mediating enhancer-promoter 

interactions (top), no change (middle), or formation (bottom). Enhancers are orange, 

promoters green and genes blue. (H) Quantification of changes in enhancer-promoter 

loops.  
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Figure 2-4. Chromatin architecture is remodeled around cardiac genes during 

disease. (A) As an example cardiac disease gene with changing long range, intra-

chromosomal contacts, the interactions emanating from Ppp3ca in control and after CTCF 

depletion or TAC are shown (q<0.01; 40kb resolution; outer circle, chromosome position; 
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black, mm10 genes). (B) Examining gene expression data for all 5443 genes with shared 

interaction behavior between CTCF-KO and TAC, 3651 genes were found to be 

differentially expressed in the same direction in perturbations compared to control. Most 

(86%) of these gene expression changes were associated with decreased chromatin 

interactions (green colors), with 1662 up regulated (dark green) and 1504 down regulated 

(light green). The remainder of the interaction changes (14%) were distributed between 

the other possible scenarios: increased interactions and expression (193, dark blue), 

increased interaction and decreased expression (154, light blue), no change in 

interactions and either an increase (71, dark orange) or decrease (67, light orange) in 

expression. (C) Heatmap showing the number of significant (q<0.01) interactions 

overlapping with differentially expressed genes; top 40 shared differentially expressed 

genes shown, sorted by number of significant interactions in CTRL (gene name labeling 

shows direction of expression, where green is up and red is down). (D) Higher resolution 

mapping of local neighborhood interactions for the example genes Nppa/Nppb, Kcnd2, 

and Mef2c gene loci +/- 1Mb (q<0.01). Lines revealing precise contact sites are color-

coded by q-value significance, with red being the most significant. RNA-seq tracks depict 

gene expression for CTRL (green), CTCF-KO (purple), and TAC (red).  
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Figure 2-5. Three-dimensional interactions between enhancers and genes are 

restructured after pressure overload or CTCF-KO. (A) Number of contact sites per 

cardiac enhancer are quantified (q<0.01; rows are top 50 enhancers sorted by number of 

interactions). (B) Top, enhancers in which the number of significant (q<0.01) interactions 

(determined by the Fit-Hi-C tool) increases (blue), decreases (red), or remains the same 

(grey) with CTCF-KO (left) TAC (center) and with consistent changes with CTCF-KO or 

TAC (right). Darker shading indicates enhancers that interact with genes; lighter colors 
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are regions not annotated as coding. (C) Number of genes that interact with enhancers 

from (B), stratified by whether their expression is upregulated (green) or downregulated 

(red). Groupings are separated into enhancers whose number of overlapping interactions 

decreases (left), increases (middle) or remains the same (right) after perturbation. (D) 

Contact site mapping of interactions is shown for the example gene Rock2, which exhibits 

decreased interaction with enhancers in CTCF-KO and TAC, concomitant with decreased 

expression. 
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Figure 2-6. Model for epigenomic changes in development and disease. 

Development is accompanied by changes in chromatin to endow terminally differentiated 

cells with stable transcriptomes. Disease upsets this balance, transitioning select regions 

of the genome into more dynamic conformations through effects on chromatin structure, 

enhancer-gene looping, histone modifications, DNA methylation and other factors. This 

model is based on findings from this paper and previous publications2-5, 10, 11, 15-17, 29-33 as 

described in text. 
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Figure 2-7. Genome-wide chromatin conformation capture datasets and quality 

control analysis for Hi-C and RNA-seq. (A) Table summarizing read counts and 

mapping statistics for each sample type. Replicates of the same condition were combined 
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upon verification that interactions and AB compartmentalization correlated with Pearson 

correlation > 0.90 (at 5kb resolution). (B) Coverage histograms of raw 5kb cis and trans 

matrices for each sample type (x axis indicates number of raw interactions and y axis 

indicates the number of bins that had such number of interactions). (C) Normalized 

interaction frequency per bin is highly conserved between biological replicates, Pearson 

correlation coefficient of > 0.95 in all comparisons. For this analysis, cis interactions £ 

2Mb were compared. The normalized cis matrices were generated from ice-normalized 

cis and trans genome-wide matrices that were divided by matrix sum and multiplied by 

the arbitrary value of 1 million. (D) Summary statistics of RNA-seq sequencing data, 

including number of mapped read pairs for each sample. 
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Figure 2-8. Generation and phenotypic characterization of cardiac-specific CTCF 

knockout mice. (A) Left, diagram showing the floxed ctcf gene from exon 3 to 12. 
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Labeled yellow bars mark exons 1 to 12 and labeled green arrows indicate primers used 

to verify CTCF depletion via PCR. Primers p8563 and Skas1 should have a PCR product 

when exons 3 to 12 are excised by the Cre recombinase via the LoxP sites (blue 

triangles), and Primers p8563 and p8946 should have a PCR product in any scenario in 

which the Cre recombinase is not expressed. Right, α-MHC-Cre+/- x CTCFflox/flox mice were 

fed Tx containing chow (0.4mg Tx/g chow) for 5 weeks and then switched to normal chow 

for 1 week, resulting in deletion of exons 3-12 of CTCF. α-MHC-Cre+/- x CTCFflox/flox mice 

fed normal chow for 6 weeks, and α-MHC-Cre+/- x CTCFWT/WT mice fed tamoxifen chow 

for 5 weeks plus 1 week on normal chow, served as controls. (B) PCR genotyping 

confirms the presence of the floxed CTCF alleles in our CTCFflox/flox Cre+/- mice (left), as 

well as presence of the Cre gene in these mice (center). After 5 weeks of tamoxifen 

treatment followed by 1 week on regular chow, gene excision in the heart was confirmed 

by PCR using p8563 and Skas1 primers (right). PCR amplified bands at ~500bp in the 

knockout (red arrows), but did not amplify the ~27kb region of the floxed allele in Cre-/- 

control mice (white arrows) or normal chow fed mice (black arrows). (Rg) regular chow. 

(C) CTCF KO was confirmed by RT-qPCR (left panel) for α-MHC-MCM+/- x CTCFflox/flox 

mice that were fed tamoxifen for 1, 2, 3, 4, 5 and 6 weeks. Blue bars show fold enrichment 

when compared to CTRL, and error bars indicate standard deviation; * indicates p<0.05 

Student’s t-test. (D) Kaplan-Meier survival curves of CTCFflox/flox Cre+/- (n=20) (red line), 

CTCFwt/wt Cre+/- (n=10) (green line), CTCFflox/flox Cre-/- (n=10) (blue line) fed with Tx and 

CTCFflox/flox Cre+/- (n=10) (orange line) fed with regular chow. Left panel, 5 weeks after Tx 

treatment, mouse survival decreased 63%, while survival dropped to 8% at 6 weeks. 

Right panel, Mouse survival stabilizes at 53% after the initial 5 weeks when mice are 
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returned to normal chow. (Rg) regular chow. (E) RT-qPCR revealed mRNA down-

regulation of SERCA (Atp2a2) and α-MHC (Mhy6), and upregulation of ANF (Nppa) and 

β-MHC (Mhy7), in mice undergoing 5 weeks Tx treatment plus 1 week regular chow (Rg). 

Bars show fold enrichment when compared to CTRL mouse given regular chow, and error 

bars indicate standard deviation; * indicates p<0.05 Student’s t-test. (F) Western blot 

confirming CTCF depletion in tamoxifen-treated CTCFflox/flox Cre+/- mice (left), and 

showing no change in H3K27me3 and H3K4me3 with CTCF depletion. Quantification of 

average relative CTCF intensity shows a decrease in CTCF protein levels in CTCFflox/flox 

Cre+/- mice after 5 weeks of tamoxifen treatment. (G) Representative hematoxylin and 

eosin staining, comparing CTCFwt/wt Cre+/-, CTCFflox/flox Cre-/-and CTCFflox/flox Cre+/- after 5 

weeks Tx treatment followed by 1 week on regular chow. CTCFflox/flox Cre+/- treated with 

regular chow for 6 weeks were used as an extra negative control while TAC samples were 

used as a positive control for disease. Considerable dilatation of the ventricles is observed 

in the tamoxifen-treated CTCFflox/flox Cre+/- mice as well as the TAC mice. n = 5 for each 

condition. (lv) left ventricle, (rv) right ventricle, (Rg) regular chow. Scale bar: 1mm. (H) 

Echocardiographic measurements of all the mice used in the study. Notably, CTCFflox/flox 

Cre+/- mice treated with tamoxifen had a pathological phenotype when compared to the 

CTCFflox/flox Cre+/- or CTCFwt/wt Cre+/- that were given regular chow as well as the CTCFwt/wt 

Cre+/- or CTCFflox/flox Cre-/- mice treated with tamoxifen. n = 8-17 depending on the survival 

rate for each condition. Line indicates mean value for the parameter of interest while the 

error bars indicate standard deviation. (EF) ejection fraction, (LVIDd) LV internal diameter 

at diastole, (LVIDs) LV internal diameter at systole. (I) Representative B-mode (left) and 

M-mode (right) echocardiography images at 6 weeks from normal chow CTCFflox/flox 
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Cre+/- (upper panel) or tamoxifen fed CTCFwt/wt Cre+/-, CTCFflox/flox Cre-/-and CTCFflox/flox 

Cre+/- mice. CTCFflox/flox Cre+/- mice show pathological phenotype as in (H); a TAC mouse 

is shown for comparison. 
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Figure 2-9. CTCF expression is down-regulated by pathologic stress and inversely 

correlated with heart size. (A) CTCF levels in mice undergoing a model of isoproterenol-
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induced heart failure across 87 genetically distinct strains. CTCF mRNA levels decrease 

across 80% of the mouse strains after isoproterenol treatment (top and middle panels; 

data from ref. 68). Cohesin subunit Smca1 shows coordinate regulation with CTCF in this 

model. (B) Phenotype data from 87 mouse strains treated with ISO are plotted against 

CTCF mRNA expression after ISO. Total heart mass, left ventricular mass, and right 

ventricular mass all show significant negative correlation with CTCF expression, while 

ejection fraction shows no correlation. p-values were calculated using the Pearson 

correlation coefficient. (LV) left ventricle, (RV) right ventricle (data from ref. 68). (C) 

Expression levels of different cohesin subunits decrease after CTCF depletion and TAC 

(log10(FPKM+1).  
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Figure 2-10. Cardiac disease associated genes differentially expressed after CTCF 

depletion. Real time qPCR measuring expression levels of different cardiac genes after 

1, 2, 3, 4 and 5 weeks Tx treatment. Mice fed with regular chow (No Tx) and those fed 



 153 

with Tx were used as controls. Red and blue coloring indicates down- or up-regulation, 

respectively. (n=4/group; * p<0.05, Student’s t-test). 
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Figure 2-11. CTCF depletion does not promote apoptosis. Cleaved caspase-3 

staining of heart sections from CTRL and CTCF KO mice. Human sarcoma tumor cells 

were used as a positive control (Right panel). 
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Figure 2-12. Human subject clinical data. Available data on patients from whom heart 

samples were obtained is provided. “Wb quantitation” is the CTCF protein level measured 

by Western blot expressed as a ratio of after to before LVAD. NICM, non-ischemic 

cardiomyopathy; ICM, ischemic cardiomyopathy; NYHA, New York Heart Association 

Classification; EF, ejection fraction at time of LVAD placement. 
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Figure 2-13. Differences in boundary strength and A/B compartmentalization per 

chromosome. (A) Boundary strength differences between groups (red, higher; blue, 

lower; Insets: example region on chromosome 16. (B) Percent of genome-wide A/B 

compartment change with CTCF depletion (left) and TAC (right). Bottom panels highlight 

only bins that change compartment. 
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Figure 2-14. Implications for cardiac phenotype from chromatin structural changes 

in TAC and CTCF-KO cardiac myocytes. (A) Principal component analysis of the 

shared insulation boundary strengths. (B) Number of new boundaries between different 
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experimental groups. Analyses do not distinguish between boundaries that emerge either 

from shifting of an existing boundary outside the analysis window (+/-5kb from CTRL 

boundary center) or de novo formation of a completely new boundary. Color codes: 

Boundaries only found in CTRL (blue), only found in perturbation (beige), and shared 

between CTRL and perturbation (pink). (C) Principal component analysis of the RNA-seq 

samples. Control separates from CTCF KO and TAC on PC1. (D) KEGG pathway 

analysis of up-regulated (top) or down-regulated (bottom) genes bound by CTCF. Terms 

highlighted in green are cardiac-related. (E) KEGG pathway analysis of genes (2570; 

Figure 2-3F) that lie within the loops that lose ≥1 CTCF peak in CTCF-KO. (F) KEGG 

pathway analysis of genes (Figure 2-3H, “lost loops”) that lie within the 151 enhancer-

promoter loops that are lost in CTCF-KO (left), the 174 lost with TAC (middle), and the 

114 loops lost in both diseased conditions (CTCF-KO and TAC; right). (G) KEGG pathway 

analysis of the differentially expressed genes (Figure 2-5C, “enhancers with decrease in 

interactions”) interacting with enhancers that lose interactions after perturbation (left, 

control vs. CTCF-KO; middle, control vs. TAC; right, shared). 
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ABSTRACT 

Packaging of the genome in the nucleus is a nonrandom process that is thought 

to directly contribute to cell type-specific transcriptomes, although this hypothesis remains 

untested. Epigenome architecture, as assayed by chromatin conformation capture 

techniques such as Hi-C, has recently been described in the mammalian cardiac myocyte 

and found to be remodeled in the setting of heart failure. In the present study, we sought 

to determine whether the structural features of the epigenome are conserved between 

different cell types by investigating Hi-C and RNA-seq data from heart and liver. 

Investigation of genes with enriched expression in heart or liver revealed nuanced 

interaction paradigms between organs: first, the log2 ratios of heart:liver (or liver:heart) 

intrachromosomal interactions are higher in organ-specific gene sets (p = 0.009), 

suggesting that organ-specific genes have specialized chromatin structural features. 

Despite similar number of total interactions between cell types, intrachromosomal 

interaction profiles in heart but not liver demonstrate that genes forming promoter-to-

transcription-end-site loops in the cardiac nucleus tend to be involved in cardiac-related 

pathways. The same analysis revealed an analogous organ-specific interaction profile for 

liver-specific loop genes. Investigation of A/B compartmentalization (marker of chromatin 

accessibility) revealed that in the heart, 66.7% of cardiac-specific genes are in 

compartment A, while 66.1% of liver-specific genes are found in compartment B, 

suggesting that there exists a cardiac chromatin topology that allows for expression of 

cardiac genes. Analyses of interchromosomal interactions revealed a relationship 

between interchromosomal interaction count and organ-specific gene localization (p = 2.2 

x 10-16) and that, for both organs, regions of active or inactive chromatin tend to segregate 



 171 

in 3D space (i.e. active with active, inactive with inactive). 3D models of topologically 

associating domains (TADs) suggest that TADs tend to interact with regions of similar 

compartmentalization across chromosomes, revealing trans structural interactions 

contributing to genomic compartmentalization at distinct structural scales. These models 

reveal discordant nuclear compaction strategies, with heart packaging compartment A 

genes preferentially towards the center of the nucleus and liver exhibiting preferential 

arrangement towards the periphery. Taken together, our data suggest that intra- and 

interchromosomal chromatin architecture plays a role in orchestrating tissue-specific 

gene expression. 
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INTRODUCTION 

Before DNA was universally recognized as the genetic material, it was 

hypothesized that nuclear proteins may be responsible for how the same DNA does 

different things in the various cell types of a multicellular organism.1 Since around the 

same time, it has been appreciated that nuclear proteins, histones in particular, exhibit 

distinct biochemical properties across cell types and stages of development2—DNA itself 

has long been known to be modified by methylation according to similar physiological 

variables.3 In the ensuing decades, it has become clear that histone modification and 

nucleosome positioning play a central role in specifying distinct transcriptomes,4,5 but the 

implications for chromatin structure have remained uncertain.  

More recently, the emergence of chromatin capture technology combined with next 

generation sequencing has enabled unprecedented analyses of endogenous chromatin 

structure with increasing levels of resolution.6-8 Chromatin compartmentalization has 

been characterized as an intrinsic property of nuclear architecture, denoting regions 

tending to be more accessible as “compartment A” and those less accessible 

“compartment B.”7 In addition to compartmentalization, Hi-C data can reveal properties of 

chromatin looping.9,10 Putative gene loops have also been identified from RNA 

Polymerase II ChIP-seq datasets,11 wherein genes have their promoters and transcription 

end sites in close 3D proximity to facilitate continued transcription. Folding of the genome 

is a non-random, reproducible process that favors local over long range interactions. This 

behavior leads to the formation of topologically associating domains (TADs), which exhibit 

greater interactions within themselves than between, constituting a structural unit greater 

in scale than the nucleosome (TADs are composed of kilobases of DNA and associated 
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nucleosomes) and smaller than the chromosome, with boundary regions between TADs 

being ostensibly responsible for cordoning distinct regions of transcriptional behavior. 

HiC, one of the principle techniques for genome wide chromatin structural analysis, has 

now been deployed in multiple laboratories around the world, as well as in multiple cell 

types, revealing TADs and chromatin compartmentalization to be conserved structural 

rules governing genome organization.12,13   

These observations raise the following question: if TADs are a conserved feature 

of epigenomes across cell types, where does the specificity in structure arise? 

Compounding this question is the fact that, until recently, chromatin conformation capture 

studies have been often carried out in either cell culture or whole tissue extracts, making 

it possible to evaluate neither terminally differentiated cells nor the cell type-specific 

nature of chromatin structure. While we understand transcriptome changes across 

multiple organs and disease states, a major gap in our basic understanding of organ 

function is how genome architecture varies between cells and how this relates to gene 

expression.  

To address these gaps in knowledge, we investigated chromatin structural 

differences between heart and liver, and how they relate to tissue-specific gene 

expression programs. Specifically, we studied the role of genomic interactions (both intra- 

and interchromosomal) in organ-specific gene architecture. The analysis reveals a 

concordance between interaction frequency and organ-specific gene expression between 

tissues. We also explored compartment differences between organs, demonstrating that 

gene expression paradigms in distinct tissues act concertedly with their organ-specific 

compartmentalization pattern to regulate function of the cell. Lastly, we show that more 
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interchromosomal interactions exist at organ-specific genes, and that about half of such 

interactions bridge distinct compartments within both cardiac and liver nuclei. Together, 

these investigations reveal organ-specific chromatin conformations that may contribute 

to cell identity in heart and liver. 
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MATERIALS AND METHODS 

 

Hi-C Bioinformatics 

Hi-C datasets from this study were downloaded from NCBI GEO: Isolated cardiac 

myocyte data14 were downloaded using accession number GSE96693 (Control_HiC). 

Liver data (acquired from isolated hepatocyte nuclei)15 were downloaded using accession 

number GSE104129 (Hi-C reps1-5). This dataset comes from wild-type C57BL/6J mice 

whose hepatocyte nuclei were isolated via homogenization and then crosslinked in 1% 

formaldehyde in PBS and quenched in glycine (125 mM final concentration) for Hi-C. Hi-

C libraries for both datasets were generated using Hi-C protocols based on9 with small 

changes described in previous work.14,15 Libraries for both heart and liver were 

constructed using MboI as the restriction endonuclease and sequenced deeply enough 

to achieve 5kb resolution contact matrices (see Table 3-1 for sequencing depth and valid 

interaction pair numbers, as determined by our pipeline described below). 

Hi-C datasets were run through the HiC-Pro analysis pipeline,16 version 2.10.0. 

Briefly, raw FASTQ files from all biological replicates were combined for each organ, and 

aligned to mm10 using an MboI-digested restriction fragment list generated by HiC-Pro. 

After the quality_checks step, we built 5kb resolution contact maps and performed 

iterative correction and eigenvector decomposition (ICE normalization, first described 

in17), using HiC-Pro. We also built 100kb contact maps for 3D model building. We then 

converted contact matrices to a Fit-Hi-C10 friendly format using the hicpro2fithic.py Python 

script provided with HiC-Pro, with the raw contact matrices and ICE biases as inputs. Fit-

Hi-C version 2.0.3 was used to determine significant intrachromosomal interactions, using 
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the following parameters: -b 200 -r 5000 -p 2. The advantage of Fit-Hi-C version 2 (as 

compared to version 1) is that it can determine significant intrachromosomal interactions 

without constraining the data to mid-range distances. That is, we can use Fit-Hi-C version 

2 to identify regions of significant intrachromosomal interaction along entire 

chromosomes, at 5kb resolution. Another benefit of Fit-Hi-C is that it reports a q-value for 

each interaction, and we can filter for significant (q < 0.01) ones. For significant 

interchromosomal interaction identification, we performed a similar Fit-Hi-C analysis, but 

with the following parameters to investigate interactions that are not on the same 

chromosome: -b 200 -r 5000 -x interOnly. Significant intra- and interchromosomal 

interactions (q < 0.01) at 5kb resolution are quantified in Table 3-1. A/B 

compartmentalization was calculated on 5kb resolution contact matrices.14 For each bin 

in the genome, differences in A/B compartmentalization between heart and liver were 

noted and shown in Figure 3-3C. All analyses in this study were done on autosomes only, 

unless otherwise stated. 

To generate 3D models of topologically associating domains, we first ran 

TopDom18 version 0.0.2 on ICE-normalized 100kb matrices to generate a list of TADs in 

cardiac and liver Hi-C data, using window.size = 3 as a parameter. We then used 

Population-based Genome Structure (PGS) software19 to generate 10,000 3D models of 

the genome (autosomes + chrX), using default parameters, the 100kb matrices, and TAD 

calls as inputs. The contact probabilities between TADs in the resulting population of 

genome structures are statistically consistent with the contact probability matrix from Hi-

C experiments (Figure 3-10). This resulted in an extracted list of xyz coordinates for each 

TAD that were used to generate PDB files for visualization, structure analysis, as well as 
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distance matrix calculations to determine the closest interchromosomal TADs for each 

TAD in the genome (custom R scripts). For both heart and liver data, 100kb resolution 

TADs were designated as being in compartment A or B based on the majority 

compartmentalization status of the 5kb bins (A/B analysis described in paragraph above) 

that lie within each 100kb resolution TAD. 

 

RNA-seq Bioinformatics 

RNA-seq data from this study were downloaded from NCBI GEO: Isolated cardiac 

myocyte data corresponding to our previous study14 were downloaded using accession 

number GSE96693 (Control_RNAseq Replicates 1-3). Mouse (C57BL/6) whole liver 

RNA-seq data from ENCODE Portal were downloaded using ENCODE Data Coordination 

Center accession number ENCSR000BYS (which is identical to the data at NCBI GEO 

accession number GSE90180). Raw FASTQ files from two biological replicates of liver 

tissue were downloaded. For both cardiac and liver RNA-seq library prep, rRNA was 

depleted and polyA selection performed. For the bioinformatics analysis, raw paired-end 

FASTQ files were aligned to the mm10 reference genome (Ensembl release 81) using 

HISAT220 version 2.1.0 with an mm10 HISAT2 index (built in-house). Resulting SAM 

alignments were converted to BAM format and sorted by name with Samtools21 version 

1.7. Gene counts were determined using htseq-count22 version 0.9.1, with the sorted BAM 

alignments and a GTF of known Ensembl genes from release 81 as input. The 

Bioconductor package DESeq223 was then used to pre-filter the genes that have at least 

10 reads between any of the replicates (3 heart and 2 liver) and to collapse replicates by 

organ with the collapseReplicates() function. Then, the counts() function with the 
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normalized=T option resulted in a single normalized count value for all genes for each 

organ, for use during downstream analyses. 

 

Promoter-TES Analysis 

Genes with promoter-TES loops were identified by determining, using the 

Bioconductor package InteractionSet,24 the genes that have significant (q < 0.01) Fit-Hi-

C interactions with the promoter (-2000 to +200bp form TSS) and the TES of a gene. 

Genes that have such interactions underwent KEGG analysis using KEGG.db,25 a 

package in Bioconductor, with custom graphics generation using ggplot2 in R. Indicated 

p-values are calculated using a hypergeometric test. 

 

Organ-Specific Gene Designation 

We designated organ-specific genes using the Human Protein Atlas,26 specifically 

the subset of genes that are enriched in heart and liver at the mRNA level. The Human 

Protein Atlas defines “tissue enriched” genes as having at least 5-fold higher mRNA 

expression in the organ of interest when contrasting against all other organs.26 Human 

Ensembl gene identifiers from these tables were fed into biomaRt27 in R and converted 

to Mouse Ensembl identifiers. For further analysis, we filtered to keep gene coordinates 

on murine autosomes. 
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RESULTS 

 

Chromatin Microenvironments Facilitate Organ-Specific Gene Interaction  

To examine whether nuclei of different cells create chromatin micro-environments 

for the transcription profiles they produce, we first designated cardiac- and liver-specific 

genes as those having 5X higher expression in the organ of interest when compared to 

all other tissues in the Human Protein Atlas.26 We then examined the chromatin 

interactions, detected in cardiomyocyte or hepatocyte Hi-C experiments, around these 

organ specific genes.  

Both datasets were sequenced to a similar depth (~1.3-1.5 billion read pairs; Table 

3-1) and achieved a similar number of significant (q < 0.01) intrachromosomal Fit-Hi-C 

interactions (115,843 in heart and 90,587 in liver; Table 3-1). We quantified the log2 ratio 

of cardiac/liver Fit-Hi-C intrachromosomal interactions at cardiac or liver gene loci and 

found that in both organs, there was a greater ratio of interactions around that organ’s 

specific genes (Figure 3-1A; p = 0.009). These findings suggest that structural 

organization in 3D underpins cell type specific transcriptomes through greater frequency 

of interactions (Figure 3-1B). 

 

Organ-Specific Compartmentalization Governs Heart and Liver mRNA Expression 

To understand the accessibility of cardiac- and liver-specific genes within the 

context of heart and liver chromatin, we calculated the A/B compartmentalization status 

of these genes as determined from Hi-C experiments. In the cardiac Hi-C data, the 

majority (66.7%) of cardiac-specific genes are found in compartment A (the accessible 
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compartment), while the majority of liver-specific genes (61.9%) are found in 

compartment B (the less accessible compartment) (Figure 3-2A, left). Contrastingly, the 

majority of both cardiac- and liver-specific genes are found in compartment A in the liver 

Hi-C data (Figure 3-2A, right; 63.0% of cardiac and 63.6% of liver genes). As a positive 

control for the gene selections strategy, cardiac- and liver-specific genes are more highly 

expressed at the mRNA level in heart and liver cells, respectively (Figure 3-2B) in the 

experiments used for this study. Cardiac-specific genes in compartment A are more highly 

expressed than those in compartment B (p = 1.4 x 10-10 between heart and liver for genes 

in compartment A, p = 9.6 x 10-25 for genes in compartment B), and the same is true for 

liver-specific genes in liver tissue (p = 9.3 x 10-27 between liver and heart genes in 

compartment A, p = 2.6 x 10-7 for genes in compartment B; Figure 3-2B). Taken together, 

these data suggest that the heart contains cardiac-specific chromatin conformations that 

allow for cardiac (and not liver) gene accessibility and expression via a more open 

compartmentalization regime at specific cardiac gene loci. In contrast, liver chromatin can 

tolerate more cardiac specific genes in active compartments, whereas the reverse is not 

true for liver genes in cardiac chromatin. 

 

Interaction Profiles and Compartmentalization of Genes in 3D 

Cardiac- and liver-specific genes have increased accessibility and a larger number 

of intrachromosomal interactions at organ-specific genes. However, the distribution of 

intrachromosomal interactions across genomic features, as well as the compartment 

change of 5kb bins in the genome, could contribute to this phenomenon in both organs. 

To investigate whether intrachromosomal interactions in heart and liver have different 
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localization across genomic features (promoters, exons, introns, intergenic regions), we 

performed an overlap of significant intrachromosomal Fit-Hi-C interaction anchors (i.e. 

one side of an interaction pair) with these regions. Notably, in both heart and liver, we 

observe an almost identical distribution of Fit-Hi-C anchors (Figures 3-3A, 3-3B). 

Intrachromosomal Fit-Hi-C interactions are enriched within promoters, exons, and introns, 

and depleted from introns and intergenic regions (Figure 3-3B), suggesting a common 

packaging logic characterized by increased interactions in regions that contain genes. 

To understand how A/B compartmentalization differs between heart and liver, we 

determined which 5kb bins of the genome have a difference in compartment status 

between heart and liver. Five percent of bins are in compartment B in the heart and A in 

the liver, while 7% of bins are in compartment A in the heart and B in the liver (Figure 3-

3C), for a total of 12% of the genome that shows compartmentalization differences 

between both organs. Genes that are in compartment A in the heart but are in 

compartment B in the liver are more highly expressed at the mRNA level in the heart than 

in the liver (p = 5.2 x 10-9, Figure 3-3D). Contrastingly, genes that are in compartment B 

in the heart and A in the liver are more highly expressed in the liver than in the cardiac 

RNA-seq data (p = 2.7 x 10-23, Figure 3-3D). Taken together, these data suggest that 

chromatin organization directly contributes to organ-specific gene regulation at a global 

scale. 

 

Genes with Promoter-TES Interactions Are Organ-Specific 

We next sought to determine whether there are organ-specific gene loops that 

govern cardiac- or liver-specific organ function. Here we define gene loops as significant 
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(q < 0.01) intrachromosomal Fit-Hi-C interactions that overlap both the promoter region (-

2000 to +200 bp from transcription start site) and the transcription end site (TES) of a 

gene (Figure 3-4A). Our analyses revealed 492 and 298 genes (overlap = 78) with 

promoter-TES looping in the cardiac and liver Fit-Hi-C data, respectively (Tables 3-2 and 

3-3; note this analysis was unbiased—genes were not preselected for organ specific 

functions as in preceding analyses). KEGG pathway analysis on cardiac loop genes 

reveals enrichments for terms such as dilated cardiomyopathy, vasopressin-regulated 

water reabsorption, and hypertrophic cardiomyopathy (Figure 3-4B) (the genes within 

these terms include: Adcy6, Aqp3, Creb3l4, Des, Itgb5, Itga9, Myl2, Myl3, and Stx4a). 

The same analysis on liver gene loops reveals enrichments for phenylalanine, tyrosine 

and tryptophan biosynthesis, phenylalanine metabolism, allograft rejection, and 

tryptophan metabolism (Figure 3-4C) (the genes of which include: Cyp1a1, Cyp1a2, Fasl, 

Got1, H2-T10, Il2, Il12a, Lao1, and Tat).  

 

Interchromosomal Interactions Have Different Compartment Status in Heart and 

Liver 

Examination of interchromosomal interactions allows for exploration of regional 

apposition—and potentially regulation—between distinct chromosomes. Significant (q < 

0.01) interchromosomal interactions were identified in the cardiac and liver Hi-C datasets 

and are summarized in Table 3-1. To determine whether interchromosomal interactions 

from the cardiac Hi-C data preferentially overlap cardiac specific genes, we overlapped 

these regions with the cardiac- and liver-specific genes from the analyses in Figures 3-1 

to 3-3. In cardiac chromatin, 540 interchromosomal interactions overlap with cardiac-
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specific genes, while only 63 interactions overlap with liver-specific genes. In the liver 

chromatin, 433 interchromosomal interactions overlap with liver-specific genes, whereas 

only 243 overlap with cardiac-specific genes. These data suggest that interchromosomal 

interactions at organ-specific genes depend on the nuclear environment within the organ 

of interest (p = 2.2 x 10-16, Fisher’s exact test; Figure 3-5). To confirm this observation, 

we performed a simulation which resulted in no relationship between randomly selected 

genes from the genome and interchromosomal Fit-Hi-C interactions in either organ (p = 

1, Fisher’s exact test; Figure 3-5). To investigate the compartmentalization of 

interchromosomal interactions in cardiac and liver nuclei, we determined the 

compartment status at each anchor of these interactions (Figure 3-6A). In the cardiac Hi-

C data, 7,884 significant interchromosomal interactions have both ends in compartment 

A, while 20,151 have both ends in compartment B, and 23,335 have each end in a 

different compartment (Figure 3-6B). In the liver Hi-C data, 14,466 significant 

interchromosomal interactions have both ends in compartment A, while 40,071 have both 

ends in compartment B, and 39,764 have each end in a different compartment (Figure 3-

6B). In heart and liver Hi-C data, 45% and 42% of significant interchromosomal Fit-Hi-C 

interactions, respectively, have one end in compartment A and the other in compartment 

B. Stated another way, about half of significant interchromosomal interactions extend to 

other compartments, while the other half share compartment status. This observation 

suggests the existence of chromatin regions that localize to the same area in the nucleus 

and yet exhibit distinct compartmentalization and potentially distinct accessibility features. 

HiC data is informative to define regions of local interaction, but how these 

substructures of the epigenome arrange in 3D has remained an open question. We 
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performed 3D reconstruction of cardiac and liver epigenomes based on HiC data, 

establishing models for how chromosomes fold and for how they associate with other 

chromosomes, using PGS.19 The approach generates a large population of 3D genome 

structures, in which TAD domains are represented by spheres and are then packed into 

the nucleus in such a way that the formation of contacts between TAD domains is 

statistically consistent with the contact probability matrix from Hi-C experiments (Figure 

3-10). These models reveal distinct chromosomal structures within liver or cardiac 

epigenomes (i.e. allowing comparison of one chromosome to another), enable 

comparison of the individual chromosomes between organs, elucidate the surfaces of 

interaction between chromosomes (Figure 3-7, Online Movie 1) and reveal insights into 

the spatial organization of chromatin compartments.  

 To investigate the distribution of different chromatin features within the nuclear 

space, we divided the nuclear volume into 5 concentric shells in such a way that each 

shell contains 20% of the total number of TADs per structure. Based on their radial 

positions, all TADs in each of the 10,000 genome structures are then partitioned into the 

5 shells. We then measured the probability for a TAD in a given subcompartment (A/B) 

to be localized in each of the concentric shells (Figure 3-8A). We observe striking 

differences in the internal organization of the compartments. In heart cells, chromatin in 

compartment A shows the highest localization probability in the most inner shells (shell 1 

in Figure 3-8A), and the probability gradually decreases towards the outer regions (shell 

5 in Figure 3-8A, top left panel). This observation is consistent with previous observations 

that showed highly transcribed genes to be localized towards the interior regions of the 

nucleus.28 Compartment B shows the opposite behavior, with the highest localization 
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probability for the outer most shell (Figure 3-8A, lower left panel), consistent with the 

location of heterochromatin and lamina associated domains at the nuclear envelope.29,30 

In contrast, liver cells show a different spatial organization in the models. Compartment 

A is more evenly distributed with the highest localization probability at the outermost shell, 

while compartment B shows a slight decrease in localization probability towards the most 

outer shell. 

To gain a quantitative understanding of interchromosomal TAD-TAD 

colocalization, we studied  the compartment composition at the interchromosomal 

boundaries. At each TAD position, we determined all TADs that are localized within a 

distance of 500 nm and are part of a different chromosome. We then determined the 

percentage of A/B compartment found in this group of inter-chromosomal TAD neighbors. 

The heart genome shows a high preference for TADs in the same chromatin compartment 

across chromosome boundaries, indicating a high level of compartmentalization across 

chromosome borders. In liver cells, we observe a different behavior. While TADs in 

subcompartment B also show a high preference to be in proximity to TADs in same state, 

TADs of state A do not show a preference for the same state, showcasing the different 

global organization of the genome in liver nuclei.   

We also calculated the average radial position of each TAD with respect to the 

nuclear center (Figure 3-8B; see Figure 3-9 for comparison of all chromosomes). When 

plotting the average radial positions for each TAD across a chromosome we observe 

distinct regional differences with well-defined local minima and maxima (Figure 3-8B). 

TADs corresponding to minima are on average more interior located than directly 

neighboring regions in the same chromosome. These radial position profiles are markedly 
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different for the same chromosomes in the two tissues. The correlation between the radial 

position profiles is very low, and in some regions even anti-correlated (Figure 3-8B). 

These distinctions are further illustrated when examining the likelihood of regions from 

the same compartment to interact with each other (Figure 3-8C).  

Finally, we examined the localization of chromatin from a gene centric view, 

determining the relative positioning of heart and liver specific genes in the different nuclei. 

In agreement with the observations from Figure 3-8A, this gene centric analysis revealed 

a preference of interior localization of genes in cardiac nuclei and the antithetical behavior 

in liver nuclei. In summary, our structure-based calculations support the notion that, on a 

TAD scale (hundreds of kilobases), there are major structural differences in the global 

structural organization of liver and heart genomes.  
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DISCUSSION 

How chromatin structure underpins gene expression has ramifications across 

biology and medicine. In the cardiovascular realm, as in other areas of epigenomics 

research, this question has largely been answered from the perspective of histone 

modifications,31,32 enhancers,33 chromatin remodeling enzymes,34 transcription factors,35 

DNA methylation36 and, more recently, long noncoding RNAs.37 Lacking from all of these 

studies has been a direct measurement of chromatin structure, rather than relying on 

implications of structure and accessibility as a result of the actions of other proteins or 

modifications. Recent chromatin conformation capture experiments14,38 in human and 

mouse cardiomyocytes now make possible examination of cardiac chromatin structure 

and investigation of how this structure contributes to lineage specification and heart 

disease.  

The current study demonstrates that organ-specific genes preferentially localize in 

3D in the nuclei of the organs in which they are transcribed. This conceptually 

straightforward hypothesis has never, to our knowledge, been tested experimentally and 

reveals a structural underpinning for cell type-specific transcriptomes. These 

observations also support the concept of transcriptional neighborhoods,39 or transcription 

factories, which have been hypothesized to coordinate RNA production from a select 

subset of DNA templates but which has never been tested in cardiovascular cell types. A 

caveat arising from the data used for this study (cardiac HiC and RNA-seq data were from 

isolated adult mouse cardiac myocytes; liver HiC data were from isolated hepatocytes 

and RNA-seq data from whole tissue) is that some of the cell type-specific differences in 

hepatocyte gene expression may be obfuscated by other cells present in the entire liver, 
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although this should have no bearing on the analyses of chromatin architecture, which in 

each case were performed on an isolated cell population from adult C57BL/6J mice. 

Because the primary data used for these analyses were collected in two different 

laboratories, there is a concern that the differences in genomic organization may be 

attributable to confounding variables unrelated to the cell type differences. Mitigating this 

concern is the fact that the animals were the same genetic strain, housed in similar 

environments and sacrificed at the same time of day. Moreover, the sequencing data 

enabled identification of a comparable number of total interaction pairs in cardiac 

(807,707,536) and liver (701,407,381) experiments, producing interactions maps at 

comparable resolution (~5kb).  

Our comparison of liver and cardiac chromatin structure reveals widespread 

differences in compartmentalization, some but not all of which coordinate with 

transcriptional behaviors that vary between the organs. This finding is intriguing, given 

the fact that altered compartmentalization following the development of pressure 

overload-induced cardiac hypertrophy and failure is very minor:14 localization of genes 

within organ specific chromatin scaffolds is specific to cell type and resilient against 

pathophysiological stress. It is tempting to speculate that the differences in chromatin 

architecture may reflect the more proliferative nature of the liver compared to the heart. 

Hepatocytes, like cardiomyocytes, are terminally differentiated, and the majority of these 

cells—in a healthy, unstressed liver—would not be actively undergoing mitosis (and the 

associated genomic rearrangements). However, the liver has a well established ability to 

regenerate upon physical damage and/or cell death. Perhaps the liver prepares for such 

an eventuality by allowing a greater number of genes to exist in accessible regions of 
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chromatin, although further experiments will be necessary to provide evidence for this 

conjecture, including examination of chromatin architecture in proliferative liver tissue. 

The results of the analysis of gene looping data were particularly revealing: heart 

and liver establish comparable numbers of promoter to TES gene loops, however this 

specific class of loops appears in different genes in the different organs. These findings 

support that at multiple scales, including the level of gene looping in addition to 

compartmentalization as mentioned above, structural organization of the epigenome is 

cell type specific. 

The majority of chromatin conformation capture studies that have emerged the 

past few years have focused exclusively on intrachromosomal interactions. The adult 

cardiac myocyte, which does not divide, is an interesting test case to explore the role of 

interchromosomal contact surfaces in genome function—principally, although not 

exclusively, via gene regulation. A liver HiC dataset of comparable sequencing depth 

afforded the opportunity to explore contrasting features of such interactions, should they 

exist, within the same genome housed in separate cells’ nuclei. Both epigenomes 

exhibited similar levels or interchromosomal interactions and in both cases, they were 

enriched in genes associated with the function of that cell type. Combining these 

interactions with 3D renderings of genomes in heart and liver provided a unique 

opportunity to investigate differences in chromosome folding and nuclear organization. 

Several observations emerged: liver and heart cells not only package their genomes 

differently, but they appear to obey distinct general principles of organization, wherein 

heart genomes preferentially localize compartment A regions towards the center and 

compartment B regions towards the periphery, whereas liver cells do not exhibit this 
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behavior. Future studies will investigate whether interchromosomal interaction surfaces 

participate in such behaviors as cell proliferation, whether they change with age or are 

dependent on developmental state, and what non-DNA molecules inhabit the surfaces of 

interchromosomal apposition, presumably orchestrating the reproducible formation of 

these structures. 
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Figure 3-1. Significant Fit-Hi-C interactions are observed in organ-specific genes. 

(A) The log2 ratio of significant (q < 0.01) Fit-Hi-C interactions (Heart/Liver) in cardiac-

specific genes (red) is higher than in liver-specific genes (blue). (B) Schematic 

demonstrating the hypothesis that regions of the nucleus containing heart-specific genes 

(left, red circle) contain more significant Fit-Hi-C interactions in cardiac Hi-C data when 

compared to liver Hi-C data (right panel and blue circle show same principle for liver 

genes in the liver nucleus). 
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Figure 3-2. Cardiac and liver genes are situated in open compartments. (A) Left, in 

the cardiac Hi-C data, the majority of cardiac-specific genes are found in compartment A 

(more accessible), whereas the majority of liver genes are in compartment B (less 

accessible). Right, the majority of liver genes are found in compartment A in the liver Hi-

C data; this is also the case for cardiac genes in liver Hi-C data. (B) Left, Cardiac-specific 

genes are more highly expressed in heart than liver genes. Right, liver-specific genes are 
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more highly expressed in liver tissue than in the heart. The y-axis shows log10 of the 

normalized RNA-seq read counts, which are calculated according to the DESeq2 read 

count normalization method for each gene (see methods). Indicated p-values were 

calculated using Wilcoxon rank-sum test. Note an observed trend of higher expression 

for those genes that lie within compartment A when compared to those in compartment 

B. 
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Figure 3-3. Significant Fit-Hi-C interactions have a similar distribution among 

annotated features of the genome. (A) Table describing 

promoter/exon/intron/intergenic distribution of Fit-Hi-C interaction anchors. The number 

of anchors is double the number of significant (q < 0.01) Fit-Hi-C interactions identified in 

the study. (B) Pie charts depicting the data shown in (A). (C) Compartmentalization 
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differences between heart and liver reveal that ~5% of the genome is in a different 

compartment between heart and liver. (D) The genes in compartment A in the heart and 

B in the liver tend to have higher expression in the heart (left, red box) than in the liver 

(left, blue box); in contrast, genes in compartment B in the heart and A in the liver are 

more highly expressed in the liver. The y-axis shows log10 of the normalized RNA-seq 

read counts, which are calculated according to the DESeq2 read count normalization 

method for each gene. Indicated p-values are calculated using Wilcoxon rank-sum test. 
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Figure 3-4. Genes with promoter-TES loops tend to have organ-specific functions 

within the cell. (A) Illustration depicting a gene with promoter-TES interactions (left) and 

a gene with no promoter-TES interactions (right). (B) KEGG pathway analysis of the 

genes with significant (q < 0.01) Fit-Hi-C interactions between promoters and transcription 

end sites in the cardiac Hi-C data. Cardiac-related terms are highlighted in red. (C) KEGG 
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pathway analysis for genes with significant promoter-TES Fit-Hi-C interactions in liver Hi-

C data. Liver-related terms are highlighted in red. For panels (B) and (C), p-values are 

calculated using a hypergeometric test. 
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Figure 3-5. Interchromosomal Fit-Hi-C interactions are preferentially found at 

organ-specific genes. Analysis of interchromosomal Fit-Hi-C interactions (q < 0.01) 

reveals that more interactions are found at cardiac-specific genes in the cardiac Hi-C 

data, while more interactions are found at liver genes in the liver data (Measured Data, 

green, p = 2.2 x 10-16, Fisher’s exact test). To calculate the frequency of interactions at 

random genes, simulations were performed on the cardiac and liver Hi-C data at random 

genes. Simulations were repeated 10,000 times for each cell in the blue table, and the 

median number of interactions at random genes was kept for statistical testing (Simulated 

Data, blue, p = 1, Fisher’s exact test). 
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Figure 3-6. Interchromosomal Fit-Hi-C interactions bridge regions of differing A/B 

compartmentalization. (A) Concept figure showing interaction (yellow circle) between 

regions from different chromosomes. The regions on one chromosome (i) are shown in 

light blue, while regions on the other chromosome (ii) are shown in violet. (B) Analysis of 

all significant Fit-Hi-C interactions (q < 0.01) reveals that approximately half of 

interchromosomal interactions in both heart and liver nuclei act as a bridge between 
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regions of differing A/B compartmentalization. Fit-Hi-C interactions can have both anchors 

interacting with compartment A or compartment B, or they can have one anchor 

interacting with each compartment. 
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Figure 3-7. 3D models of liver and heart genomes. In both heart and liver nuclei, 

computational models generated using PGS reveal organization of topologically 

associating domains (TADs) within chromosomes in 3D space (top, All chr), as well as 

interactions between TADs of individual chromosomes (bottom, chr1 and chr2 shown as 

examples). Between chromosomes, regions of concordant A/B compartmentalization can 

aggregate in 3D space (blue = compartment A, gold = compartment B; See Supplemental 

Movie 1 for 360º view of this 3D reconstruction).  
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Figure 3-8. Properties of 3D models of heart and liver genomes. (A) The nucleus is 

divided into 5 concentric shells, with shell 1 in the interior and shell 5 at the periphery. In 

heart nuclei (left), TADs in compartment A are more likely to be found towards the interior 

of the nucleus and TADs in compartment B towards the periphery. In contrast, the liver 

Hi-C data (right) show that TADs in compartment A have a higher probability of being 

found towards the periphery and those in compartment B within one of the inner shells. 

Error bars indicate standard deviation of observations for 10,000 structures. (B) Across 

distinct regions of chr11 (left) and chr14 (right), radial positions of TADs between organs 

(heart in red, liver in blue) differ. Positions of heart- (red dots) and liver-specific genes 

(blue dots) superimposed. The y-axis shows average position (0 is the center of the 
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nucleus, 1 indicates nuclear periphery), while the x-axis shows chromosome position in 

megabases. (C) In 3D cardiac nuclear models (left), on average 57.8% of queried A-

compartment TADs form interchromosomal interactions (within 500nm) with regions in 

compartment A, while 60.7% of queried B-compartment TADs form interchromosomal 

interactions with regions in compartment B. Contrastingly, liver models show that 53.9% 

of queried A-compartment TADs are within 500 nm of regions in compartment B, while 

62.4% of queried B-compartment TADs interact with the same compartment in a different 

chromosome. (D) Similar analysis as in (A), but with TADs that have heart- (red bars) or 

liver-specific (blue bars) genes. In cardiac nuclei (left), both heart- and liver-specific genes 

tend to associate with the nuclear center, while in liver nuclei the trend is the opposite. 

Error bars indicate standard deviation of observations for 10,000 structures. 
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Figure 3-9. Radial positions of TADs differ between heart and liver. Across each 

chromosome, average radial positions of TADs are shown as solid lines (heart in red, 

liver in blue), with the positions of heart- (red points) and liver-specific genes (blue points) 

superimposed. The y-axis shows average radial position (0 is the center of the nucleus, 

1 indicates nuclear periphery), while the x-axis shows the position of features along the 

chromosome. 
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Figure 3-10. Comparison between contact probability heatmaps from experiment 

and structural models for heart (left) and liver (right). Each bin in the heatmap 

represents a TAD and each pixel represents the contact probability between 2 TADs. The 

lower triangle part shows the contact probability from experiment and the upper triangle 

shows the contact probability from the models. Contact patterns in the Hi-C experiment 

are very well reproduced in the structure models. The color scale ranges from 0 probability 

to 0.2 probability and any probability higher than 0.2 are shown as 0.2. 
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Table 3-1. Summary of Hi-C data from heart and liver 
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Table 3-2. List of genes with significant (q < 0.01) promoter-TES Fit-Hi-C 

interactions in the heart 
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Table 3-3. List of genes with significant (q < 0.01) promoter-TES Fit-Hi-C 

interactions in the liver 
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Future Directions: What’s Next for Cardiovascular Epigenomics 

The work summarized in this dissertation required years of experimental design 

and investigation, and established a foundation from which to generate hypotheses and 

advance the field of cardiovascular genomics. In addition, this work allowed our lab to 

develop and implement a plethora of bioinformatics and statistical frameworks to meet 

our basic research needs. We built our own server to perform big data analyses and wrote 

a large corpus of custom code to answer detailed biological questions. Our snapshot of 

how cardiovascular epigenomes change in heart failure provides rationale for us to ask 

how epigenomes change with time during pathological perturbation. Specifically, do 

epigenomic structural rearrangements from acute cardiovascular stimuli behave the 

same way as those resulting from chronic stimuli such as 3 weeks pressure overload or 

5 weeks of tamoxifen-induced CTCF-knockout? I suggest a time course experiment, to 

understand the chromatin conformational intermediates that exist during the progression 

to heart failure, both from pressure overload and CTCF-knockout perspectives, 

accompanied by rigorous statistical tests to understand how chromatin structures change 

over time. Because heart failure can take years to develop in patients, this experiment 

would provide more mechanistic insight into how genome architectures change with heart 

disease, but also give us information about when they change. 

Another avenue for cardiovascular chromatin structural research is to go to deeper 

resolution in the three-dimensional models that we make with Hi-C data1. This will allow 

us to integrate local topological changes that modulate gene expression along with 

higher-order chromatin dynamics to better understand how chromatin features change in 

three-dimensions from locus-to-nuclear scale, with relative positional information to drive 
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future experimental design. Such an endeavor would require physical computational 

infrastructure and further honing of tools to meet the bioinformatics demand of the 

question: First, we would need to deploy the mathematical modeling tools to a cloud-

based resource such as Amazon Web Services, to afford us the computational scale and 

flexibility of job scheduling that might not be readily available on a university computing 

cluster. Second, to improve the quality of the analyses that occur after 3-dimensional 

modeling, modularization of the code for ad hoc analyses would be prioritized. This would 

make the generation of higher-resolution models faster (via cloud computing) and the 

exploration of biological questions more direct (via pre-written code). The codebase we 

have developed (and are still optimizing) will provide code accessibility to other 

researchers who are not as experienced with cardiovascular epigenomics, while 

maintaining rigorous reproducibility standards via resources such as Docker2 to contain 

our analysis frameworks. A “Dockerized” workflow would allow us to deploy bioinformatics 

pipelines with a short learning curve and increased flexibility to provide internal and 

external collaborators with fast solutions at a lower monetary cost. 

Another fundamental question with regard to basic mechanisms of pathology is 

whether different cell types behave the same way at the chromatin structural level with 

disease. Does a cardiac fibroblast epigenome, for instance, behave differently than that 

of a cardiac myocyte? The former undergoes cell division while the latter does not, but 

we hypothesize that the genomes for both cell types undergo chromatin architectural 

rearrangements since they are subjected to similar mechanical and signaling 

perturbations during disease3. The question then becomes how are these structural 



 216 

changes conferring a cardiomyocyte- or fibroblast-specific phenotypic response 

downstream of cardiac stress? 

From a translational side, we have unique tools for drug target identification: The 

hybrid mouse diversity panel (HMDP) provided rationale to study CTCF in the context of 

heart failure because the gene is downregulated in most mouse strains after long-term 

beta-adrenergic stimulus4,5. This resource will continue to drive future investigation into 

proteins that become dysregulated with disease. In addition to single-gene investigation, 

we can begin to understand the chromatin structural implications of genetic diversity from 

a computational perspective. For example, we can begin to ask whether modules of co-

regulated genes in the HMDP interact with each other more than with other modules in 

3-dimensional space (using chromatin conformation capture techniques followed by 

bioinformatics). Another translational implication of our work is the potential reversion of 

CTCF-knockout mediated cardiac phenotype if we put CTCF back into failing cardiac 

myocytes. Now that we have a robust cardiomyocyte-specific CTCF knockout model4, we 

can explore what happens to cardiac muscle physiology when we restore CTCF levels in 

hearts that are already failing. Would adding back CTCF revert the structure back into its 

native/healthy configuration? If so, would the transcriptome begin to resemble that of a 

quiescent cardiac myocyte? A virus containing a CTCF construct could be used to restore 

CTCF levels in a mouse that has undergone cardiomyocyte-specific CTCF-knockout, and 

we could measure ejection fraction and left ventricular wall dimensions to determine 

whether a reversion to healthy phenotype is plausible with this gene therapy. 

Translationally, this is just the beginning of exciting work with epigenomes in the heart. 
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