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Under pathological stress, an otherwise healthy heart may enter hypertrophy, a 

partially-reversible, compromised state wherein heart function is relatively normal 

although the muscle cells increase in size. Should the stress continue, however, the 

heart will succumb to the irreversible condition of heart failure, resulting in an inability to 

efficaciously pump enough blood to support bodily demands. When the heart enters 

states of either hypertrophy or failure, noticeable changes in chromatin accessibility and 

gene expression arise. Chromatin accessibility can be defined by a binary chromatin 

state model: heterochromatin is tightly packed and contains silenced genes, while the 

relatively loose conformation of euchromatin is more conductive to active gene 

transcription. Alternations in gene expression or epigenetic regulation are revealed 

using high-throughput sequencing techniques, which have been developed and 

rigorously applied over the last two decades. How the principles revealed from studies 
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of chromatin impact gene expression levels in the diseased heart is unknown. My 

dissertation studied the role of multiple chromatin regulator factors, as studied by high-

throughput sequencing techniques, contribute to function of the normal and diseased 

heart. Those factors include a histone modifying enzyme, a nucleosome remodeling 

protein, circular RNAs and DNA methylation. 

The first two chapters of my dissertation detail the functions of two chromatin 

remodelers identified by quantitative proteomics using mouse hypertrophy and heart 

failure models: Smyd1, a histone methyltransferase coding gene containing the SET 

and MYND domains, and Napl14, nucleosome assembly protein 1-like 4. Chapter 1 

reports that the chromatin-binding protein Smyd1 restricts adult mammalian heart 

growth. Mice with induced knockdown of cardiac-specific Smyd1 displayed 

cardiomyocyte growth, organ remodeling, and declined heart function. Chapter 2 

describes a possible mechanism by which histone chaperone Nap1l4 may regulate 

cardiac transcription in hypertrophy. As revealed by siRNA knock down, the lack of 

Nap1l4-mediated transcription reduces the size of neonatal rat ventricular myocytes 

(NRVMs) and inhibits fetal gene reprogramming induced by phenylephrine (PHE). 

However, when Nap1l4 is overexpressed, there is an increase in the size of NRVMs.  

The latter two chapters of the dissertation describe the epigenomic changes 

revealed by high-throughput sequencing that could potentially affect gene expression 

during cardiovascular diseases. Chapter 3 explores our utilization of Ribo-Zero RNA 

sequencing to discover circular RNAs (circRNAs) in the heart using mouse models. We 

confirmed the existence of cardiac-related circRNAs including circMyocd, circRyr2, and 

circTtn. With the successful knockdown of circMyocd in NRVMs, we observed increased 
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expression of linear Myocd, indicating the circRNAs may regulate transcription of its 

linear counterparts. Chapter 4 characterizes DNA methylation alterations in patients 

undergoing coronary artery bypass grafting (CABG) using reduced representation 

bisulfite sequencing (RRBS) with respect to post-operative atrial fibrillation (POAF). 

When comparing pre-operative and post-operative epigenomic states, we found that the 

hypervariable CpG sites are mostly enriched in or around genes pertaining to the 

immune system, cellular adhesion and the cardiovascular system. Specifically, altered 

CpG methylation in genes coding for transforming growth factor-beta 1 (TGF-β1) may 

be a marker for POAF as well as pre-operative and post-operative epigenomic states. 

My dissertation revealed that epigenetic changes including chromatin remodelers, DNA 

methylation and circRNAs could affect the gene expression during heart diseases. The 

work will undoubtedly benefit the whole community and shed light on the translational 

medicine for heart failure patients. 
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Introduction: Sensing and Remembering Cellular States through Chromatin 

 

Shanxi Jiang and Thomas M. Vondriska 

 [This review was originally published as chapter 15 in Manual of Cardiovascular 

Proteomics by Shanxi Jiang and Thomas M. Vondriska (Agnetti G., Lindsey M., Foster 

D. eds.) Sensing and remembering cellular states through chromatin. Manual of 

Cardiovascular Proteomics. Springer, Cham, DOI 10.1007/978-3-319-31828-8_15 ] 

 

Abstract Chromatin is the means by which the same genome encodes multiple cells: it 

enables orderly development, normal physiology and, when it goes haywire, 

malfunctioning chromatin is a hallmark of disease. In the cardiovascular system, the 

epigenomic features controlling gene expression have recently become the focus of 

intense research. This chapter examines the principles of chromatin structure, details 

their regulation and identifies areas of rapid development in our understanding of how 

the genome is packaged. Also explored are the recent observations indicating that 

deranged epigenomic features on a genome-wide scale may underpin various 

cardiovascular diseases. 

 

Keywords  Heart  •  Vasculature  •  Epigenetics  •  Epigenomics  •  Genomics  •  

Proteomics  •  Transcription 

 

Introduction 
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Around two billion years ago, natural selection for a strategy of information 

storage that utilized RNA and protein to package DNA presaged the evolution of 

multicellularity. To get the same DNA substrate to produce different outcomes, the 

method or conditions of extracting information has to change. Chromatin accomplishes 

this task in all plants and animals: comprised of histone proteins and DNA, chromatin 

is the structural form of the genome in vivo, compacting the enormous chromosome 

molecules for storage in the nucleus. That plants and animals can achieve the 

spectacular range of appearance and function observed in the natural world is the 

result of the ability to produce highly specialized cells and organs. This specialization 

is achieved through chromatin and its regulation, which enables the same genomes to 

orchestrate diverse phenotypes throughout development and into adulthood. 

The fundamental unit of chromatin is the nucleosome, consisting of two copies 

of four histone proteins (named H2A, H2B, H3 and H4) and entwined by 147 base 

pairs of DNA [1]. Interesting relationships have emerged relating primary DNA 

sequence to the binding of nucleosomes across a genome: however, it is now 

recognized that a diverse range of regulatory mechanisms control where nucleosomes 

reside, how they combine with each other to form higher order structures and the 

resulting accessibility (or lack thereof) for transcriptional machinery to interact with and 

express a gene. Broadly construed, DNA can be either accessible for transcription, or 

euchromatic, or inaccessible for transcription, heterochromatic [2]. As depicted in Fig 

15.1, the landscape of chromatin features combine to facilitate or prevent gene 

transcription. 
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It is now commonly accepted that chromatin patterns are cell and 

developmental stage specific, underlying transcriptome changes that enable 

phenotype specification. Individual nucleosomes can be modified by swapping the 

histone variants that comprise them, by post-translational modification of those 

histones, by ATP-dependent processes that reorganize groups of nucleosomes in 

response to environmental stress or developmental cue and by alterations to the DNA, 

cytosine methylation in particular. Furthermore, RNA and protein can combine with 

nucleosomes to form higher order chromatin structures, compacting or relaxing sub-

chromosomal regions. With the development of the next generation sequencing 

techniques, there has been an explosion in the analysis of how different proteins bind 

to the genome and the combinatorial patterns of protein binding that specify chromatin 

structure and thereby transcriptional behavior at individual loci [3]. A major challenge 

for biology and medicine is now to decode the logic of chromatin regulation, to enable 

targeting of gene expression programs for therapeutic modulation during disease as 

well as to use epigenomic information for improved patient stratification and diagnoses. 

This chapter reviews the current understanding of chromatin regulation in 

disease with a particular emphasis on the cardiovascular system, describing how 

genetics and environment are integrated in the epigenome, ultimately controlling 

disease susceptibility and progression. 

 

Basics of Chromatin Structure 

Histone Variants 
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Although they all contain two copies each of four histone family proteins, 

nucleosomes are not homogeneous protein complexes. Mammalian genomes harbor 

dozens of histone variant genes that, when expressed, can combine to specify a 

range of chromatin features. In the heart, proteomic mass spectrometry has been 

used to quantify histone variants [4], investigating how these variants change with 

disease [5]. Much of what is known about the role of individual histone variants comes 

from loss of function studies in animal models. 

Replacing histone H3, centromere protein A (CENP-A) epigenetically defines 

centromere organization through a process that involves RNA interference [6]. In 

addition to CENP-A, there are several more centromeric histone associated proteins, 

including CENP-B, CENP-C and CENP-T, that maintain the function and structure of 

CENP-A and promote centromere formation during cell division [7]. In the setting of 

some cancers, overexpression of CENP-A results in enrichment at non-centromeric 

sites, thereby altering chromatin structure as part of the disease pathogenesis [8]. 

Another histone H3 variant is H3.3, which is highly conserved, with only four 

amino acid differences from the canonical H3 in eukaryotes [9]. Localization of histone 

H3.3 corresponds to transcriptionally active chromatin regions with the highest 

turnover rate at RNA polymerase II (RNAP II) binding sites and transcription start and 

end sites, indicating its function in transcription initiation and termination [10]. 

Furthermore, the presence of H3.3 regulates repressive histone marks (e.g. 

H3K27me3) [11] and histone variants (e.g. H2A.Z) [12]. De novo synthesized H3.3 

replaces the canonical histone H3 and remodels donor nuclear chromatin for gene 

activation during oocyte reprogramming and knockdown of H3.3 disrupts the 
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reprogramming process [13]. Complete deletion of H3.3 embryonic lethal due in part 

to p53 activation [14]. 

The N-terminal MacroH2A is 64 % homologous to the canonical histone H2A 

and contains a carboxyl-terminal ~ 30 kDa macrodomain [15]. MacroH2A had long 

been thought to regulate gene silencing, however recent chromatin 

immunoprecipitation (ChIP) plus DNA sequencing findings indicate that macroH2A 

localizes to areas of both repressive and active chromatin, having its effects on 

transcription by inhibiting activator binding sites (to cause repression) or inhibiting 

repressor sites (to cause activation) [16]. 

Histone variant H2AX, constituting between 2 and 25 % of total H2A protein by 

gel image quantification in mammals [17], has been functionally implicated in 

mitotic/meiotic division, stem cell development and aging [18]. Recently, it has been 

reported that H2AX deposition can be serve as an epigenetic mark for quality control 

of induced pluripotent stem cells [19]. Phosphorylation of H2AX serves as a marker of 

DNA damage. 

H2A.B is unstable at the protein level and distant in terms of sequence 

homology compared with other histone H2A variants, with ~40–50 % sequence identity 

[20, 21]. H2A.B-containing nucleosomes wrap only 116–130 bp of DNA (rather than 

the conventional 147 bp) and as a result transiently associate with the genome during 

processes of DNA replication and repair [21]. Genome-wide analysis showed that 

H2A.B correlates with DNA methylation (in some scenarios a repressive marker itself) 

and facilitates methylation related to transcription elongation, suggesting a positive 

role in regulating gene expression [22]. 
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Histone H2A.Z is a highly conserved H2A variant with about 60 % homology to 

canonical histone H2A, demonstrating both active and repressive transcriptional 

regulation. Recent findings show that H2A.Z associated with gene coding regions as 

well as 3’ and 5’ ends of genes, facilitates cryptic, antisense transcription and RNAP II 

regulated transcription [23, 24, 25]. H2A.Z works with Nanog, a key transcription factor 

for stem cell identity, in regulating pluripotency/reprogramming and serves as a 

biomarker for asymmetrically self-renewing cells [26, 27]. Increased protein levels of 

H2A.X cause cardiac hypertrophy, whereas knockdown of H2A.Z prevents pathologic 

cardiomyocyte growth [28]. 

Excluded from the nucleosome core, the last family of histone variants, known 

as linker histones, plays an intriguing and incompletely understood role in controlling 

how nucleosomes interact with each other. The lysine-rich linker histone (also referred 

as H1 and H5) contains a highly conserved central globular domain, a short amino-

terminal tail and a long carboxyl-terminal domain, which are vital to its role in higher-

order chromatin structure [29]. The globular domain of chicken linker histone H5 and 

Drosophila linker histone H1 have been shown to possess off-dyad and on-dyad 

binding respectively, perhaps due to differences in key amino acids between the 

proteins [30]. Linker histones can interact with both core histones and other proteins. 

Through mass spectrometry and microscopy, Histone H1 has been found to interact 

with H2A C-terminus and proteins that are involved in rDNA chromatin structure, rRNA 

processing and mRNA splicing [31, 32, 33]. Furthermore, knockout of all three H1 

isoforms in mouse embryonic stem (ES) cells revealed roles for the protein family in 

gene silencing and nucleosome organization [33]. The main modification of linker 
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histones is phosphorylation by cyclin-dependent kinases (CDK), which is lowest in G1 

and highest in G2 and Mitosis [34]. Infrared spectroscopy of phosphorylated linker 

histone with CDK2 showed the induction of β-structure that may result in chromatin 

condensation [35]. Impaired linker histones dynamics can trigger multiple diseases 

including cancer [36]. 

Notable to the heart, triple knockout of H1cH1dH1e of E9.5 showed pericardial 

expansion [37]. At the mRNA level, these triple knockout mice did not show alterations 

in cardiac specific transcripts such as Nkx2.5 and alpha myosin heavy chain [38]. In 

an adult model of cardiac hypertrophy, global epigenome remodeling involves 

changes in histone stoichiometry at the protein level: following pressure overload, the 

ratio of linker to core histones was decreased as compared to the healthy heart, 

suggesting a more permissive transcriptional environment. This interpretation is 

supported by genome-wide transcriptome changes in cardiac hypertrophy, which 

would necessitate relaxed chromatin at multiple loci. Lastly, this change was 

associated with a global shift of histone post-translational modifications favoring 

euchromatin over heterochromatin [5]. 

High mobility group proteins, originally shown to be structural components of 

chromatin in the 1970s [39] have more recently been observed to contribute to cardiac 

gene expression in a locus-specific manner, facilitating higher order chromatin 

structure [5]. These proteins may act similar to linker histones, facilitating higher order 

structure of chromatin by binding bent DNA and enabling compaction of tracts of 

nucleosomes. 
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Chromatin Domains 

While there is widespread agreement on the importance of the nucleosome as 

functional unit of chromatin and its modulation by chromatin remodelers (discussed in 

detail below), the principles of genome organization beyond this scale are decidedly 

more nebulous. Let’s estimate there are perhaps 20 million nucleosomes in a given 

nucleus and around 3 billion base pairs of DNA: how this molecular morass is 

organized for reproducible, timely access and repackaging is of key importance, and 

indeed has been the focus of intense investigation. Early observations of in vitro 

reconstituted DNA and histones revealed the formation of the titular ‘30 nm fiber’, in 

which the linker histone teams up with several nucleosomes to form intermediate 

domains of packaging. More recently, 10 nm substructures have been identified, again 

comprised of nucleosomes plus linker histones, and suggested to be the functional 

units of both euchromatin and heterochromatin [40]. The folding of this 10 nm 

nucleosome fiber has been demonstrated to be irregular and gathered in 

heterogeneous groups, leading to variable chromatin structure, and challenging the 

long held view about a higher order 30 nm fiber secondary structure [41]. It has been 

found that chromatin secondary structure is affected by many factors, such as linker 

histones, length of linker DNA and thus spacing of nucleosomes, histone variant and 

histone/DNA modifications [42, 43]. In this active area of investigation, novel 

techniques [42] are continually being brought to bear on the question of whether there 

is a finite intermediate structure of chromatin, larger than a nucleosome and smaller 

than the chromosome. 
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For decades it has been recognized that the genome segments into non-

random chromosome territories which may play a role (although the direction of a 

causal arrow is unclear in this relationship) in transcriptional programs [44]. Recent 

advances in next generation sequencing have expanded and textured this model in 

interesting ways. First, innovation in chromosome capture technologies have enabled 

multiple studies [45] into the endogenous structure of the mammalian genome, 

revealing folding principles, providing higher resolution to aforementioned 

chromosomal territories and establishing the fractal, self-repeating structure adopted 

by the cell’s most complex multi-molecular complex. As further resolution has been 

achieved with these studies, topologically associated domains (TADs) have been 

described, accounting for ~90 % of genomic structure in mouse ES cells genome and 

averaging 880 kb in size [46]. The boundary regions of TADs are enriched for CTCF, 

housekeeping genes and short interspersed elements, but not histone modifications 

such as enhancer-related H3K4me1 and heterochromatin-related H3K9me3 [46]. TAD 

boundaries tend to be conserved between cell types, however within these boundaries, 

the histone modifications and chromatin structural proteins that decorate chromatin 

impose upon it transcriptional phenotypes, including all variations of active and 

silenced chromatin [47]. Thus TADs appear to be a structure within which epigenomic 

modifiers specify the transcriptome. Likewise, TADs correspond to eukaryotic 

replication-timing reprogram, translocating from nuclear interior during DNA synthesis 

(active transcription) to nuclear periphery during later replication (repressive 

transcription) [48]. Deletion or disruption of TADs by CRISPR/Cas genome editing 

leads to altered gene expression and de novo enhancer-promoter interactions [49]. 
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Open questions in chromatin structure include: To what extent is our ability to 

discern intermediate chromatin features limited by the fixation and sequencing 

protocols currently in vogue? If TADs are shared between cell types, what is the role 

of global chromatin structure in cell type specific transcriptomes and phenotypes? 

What is the impact of genetic variation, which has been all but ignored in epigenomic 

studies to date, on chromatin structure? 

 

Remodeling Chromatin for Development and Disease 

To accommodate multiple cellular transcriptomes, chromatin accessibility has 

evolved to be highly dynamic throughout normal organismal development. This 

plasticity is also exploited in disease to enact abnormal transcriptional programs. 

Recent advances in understanding how epigenomic memories are created, 

remembered, erased—and, to extend the metaphor—in some cases hallucinated, has 

advanced our understanding of the basic biology of gene expression and shifted our 

understanding of disease to include aberrant chromatin structure and function. 

 

Histone Tail Modification 

While the bulk of the histone protein mass is ordered within the core 

nucleosome particle, each of the four variants wears a capricious amino terminus that, 

resisting fixed structure, is exposed to the nuclear milieu, solicitous of molecular 

interaction and post-translational modification. The ability of enzymes to modify 

histone tails to influence transcription in vivo has been known for nearly 40 years [50, 

51], but recent advances in mass spectrometry has exploded the list of modifications 



11 
 

documented on histone tails to include virtually every known type of post-translational 

modification, numbering in some cases over 100 modifications on nucleosomes from a 

single cell type and with most but not all occurring on the soluble tails [52]. Methylation 

(active or repressive transcription) and acetylation (active transcription) represent two 

major classes and coordinate with each other [53]. Other histone modifications include 

phosphorylation, ubiquitination, SUMOylation and crotonylation. Through 

computational methods, the relationship between histone modifications and gene 

expression has been explored [54]. 

Some of these principles for histone modification-dependent regulation of gene 

expression and phenotype have been tested in the heart. Methylation and acetylation 

of histones with their associated histone modifiers (such as acetyltransferase, histone 

deacetylases and histone methyltransferases) have been particularly well explored [55, 

56]. Other modifications, such as phosphorylation of histone H3 is involved in cardiac 

hypertrophy through transcriptional elongation [57]. Moreover, hyper-acetylation has 

been shown to change gene expression through RNA alternative slicing, thus affecting 

cardiac cell growth [58]. Stimulation of SUMOylation may exert a protective function 

on heart [59]. Genome wide analyses have identified cooperative functions of active 

(H3K9ac, H3K27ac, H3K4me3, and H3K79me2) and repressive (H3K9me2, H3K9me3, 

and H3K27me3) histone marks [60]. Using data from the ENCODE Project, Roadmap 

Epigenomics and several other studies, researchers found that E11.5 active 

enhancers can be accurately predicted by three dimensional analysis of genome-wide 

H3K27ac and H3K4me1 across developmental time, between tissues within an 

organism and for the corresponding tissue within species [61]. An algorithm named 
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histoneHMM (hidden markov model) has been used to predict genomic regions that 

affect cardiac hypertrophy, mostly focused on H3K27me3 [62]. Moreover, histone 

methylation levels in the heart have been found to be regulated mostly in trans, 

prominently for H3K4me3 [63]. 

 

ATP-Dependent Remodelers 

Where nucleosomes reside along the genome affects gene expression and is 

thus a highly regulated process. One of the most direct mechanisms to influence 

nucleosome positioning in an active, stimulus responsive manner is through ATP-

dependent chromatin remodeling enzymes, which are usually subdivided into four 

groups: SWI/SNF (switching defective/sucrose non-fermenting), ISWI (imitation 

switch), INO80 (inositol requiring 80) and CHD (chromodoman, helicase, DNA binding). 

These groups are identified by a specific, highly conserved ATPase that belongs to 

the SF2 helicase superfamily and can alter histone-DNA interactions through a 

process that consumes ATP. These proteins influence transcription as well as 

chromatin structure by nucleosome translocation [64], nucleosome (whole 

nucleosome/H2A-H2B dimers) eviction [65] and histone variant exchange (e.g. H2A.Z) 

[66]. 

In the heart, most studies have focused on SWI/SNF in the setting of 

development and hypertrophy, yet all four groups have been explored in some manner 

[55]. Chromodomain-helicase-DNA-binding protein 7 (CHD7; from the CHD family) 

and its mutation has been associated with CHARGE syndrome, revealing its novel 

function in calcium excitation-contraction coupling [67]. Probably the most well studied 
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family is that regulated by Brg1, a member of the BAF complex, which has been 

shown to be critical for fetal gene activation (myosin heavy chain switching in 

particular) in the mouse heart following stress [68]. 

 

DNA Methylation 

Not all things chromatin occur on proteins. The first, and perhaps only 

truly epigenetic (as defined by transgenerational heritability of acquired features) mark, 

DNA methylation is defined as the addition of a methyl group (CH3) to the C5 position 

of cytosine and usually occurs within the major groove of DNA at CpG dinucleotides 

The methyl group is transferred by DNA methyltransferase (DNMT) family with 

DNMT1 functioning as the maintenance, and DNMT3a/b as the de novo, DNA 

methyltransferase [69]. DNA methylation mostly happens in the promoter region, gene 

body and less in intergenic regions. Across the genome, DNA methylation and CpG 

density follow a bimodal distribution, with high methylation level in CpG-poor regions 

(CpG depletion) and low methylation level in CpG-rich (typically entails > 50 % GC) 

region that are commonly defined as CpG islands (CGIs) [70]. CGIs are located mainly 

in promoter regions and their methylation can initiate vigorous, long-term transcription 

repression such as X-inactivation [1]. 

Although DNA methylation usually associated with repressive transcription, 

studies show that DNA methylation, especially in gene bodies, is altered during 

transcriptional elongation [71]. Another long held view—that DNA methylation is highly 

stable—is also being reconsidered in light of the finding of active DNA demethylation 

(higher in gene bodies) through base excision repair proteins such as Ten-eleven 
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translocation (TET) [72]. Interesting, DNA methylation has been regarded as a 

regulator of alternative splicing possibly by influencing chromatin structure, thus 

affecting RNAP II recruitment and binding of heterochromatin protein 1 [73]. 

In the heart, DNA methylation influences cardiomyopathy and heart 

development. In congenital heart diseases, hypermethylation of MSX1 and GATA4 

has been found [74]. In Tetralogy of Fallot, certain genes such as EGFR and TBX5 

have shown significant differences in methylation status compared to unaffected 

individuals [75]. In patients with dilated cardiomyopathy, aberrant DNA methylation 

has been found in lymphocyte antigen 75 and adenosine receptor A2A, which has 

been further confirmed in zebrafish [76]. Also, three angiogenesis-related genes 

(AMOTL2, ARHGAP24 and PECAM1) have been identified that exhibited altered 

methylation status [77]. During development, only a small fraction of genes showed 

aberrant methylation: this subset, however, were highly related to cardiac specific 

processes when comparing developmental day E11.5 to E14.5 [78]. When comparing 

adult to developing mouse heart, DNA methylation is increased in active enhancers 

[79]. When comparing developing, mature and diseased cardiomyocytes, DNA 

methylation is quite dynamic, supporting a role for this modification in promoting, or 

responding to, condition-specific gene expression [80]. Cardiomyocytes treated with 

endothelin-1 (a hypertrophic agonist) showed increased DNA methylation; conversely, 

inhibition of DNA methylation rescued the norepinephrine-induced hypertrophy [81, 

82]. Therefore, alteration of DNA methylation has been proposed as a novel 

therapeutic target in the heart, although the mechanisms of action, and principal 

targets, remain to be determined. 
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RNA-Based Mechanisms 

Widespread application of next generation RNA sequencing technologies have 

dramatically increased the portion of the genome that is understood to be transcribed 

in a given cell type, now estimated at ~75 %. The beguiling nature of this observation 

is that most of these newly identified transcripts do not appear to be messenger RNAs: 

instead, they belong to a class of RNAs called, perhaps misleadingly, non-coding 

RNAs (ncRNAs) which may code small peptides/proteins, may function independently 

as RNA scaffolds for various cellular processes or may in fact be, as was previously 

thought, transcriptional noise. ncRNAs can be divided into small RNA (<200 

nucleotides) and long non coding RNA (lncRNA, >200 nucleotides) [83]. Small RNAs 

are thought to modulate heterochromatin and gene silencing with the help of Argonaut 

[84]. They may also participate in alternative splicing and transcription together with 

other epigenetic regulation such as DNA methylation and histone modifications [85]. 

lncRNAs connect chromatin loci with chromatin remodelers, transcription factors and 

other RNAs both in cis and trans [86, 87] by binding modules nestled in their 

secondary structure, leading to changes of chromatin structure and nuclear 

organization [88]. Besides their close relationship to silenced chromatin, different 

classes of lncRNAs alternatively contribute to active transcription, especially 

transcriptional enhancer element RNA (eRNA) that binds the Mediator complex [89]. 

Natural antisense transcripts (NAT), another class of lncRNA, are read from the 

opposite strand of the mRNAs that they regulate in a complementary, cis manner. 
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Alternations in lncRNA levels have been implicated in cancer, skeletal defects, 

embryogenesis abnormalities and brain defects [90]. 

Roles for lncRNAs in heart development, differentiation, and disease have 

recently emerged. Depletion of the lncRNA Braveheart revealed its role in 

cardiovascular lineage commitment by activating MesP1 (a master transcription factor 

expressed in multipotent cardiac progenitor) and interacting with SUZ12 (a component 

of polycomb repressive complex 2(PRC2)) [91]. Targeted homozygous deletion 

of Fendrr in mouse, another lncRNA, resulted in embryonic lethality and PRC2 

reduction, leading to decreased H3K27me3 and increased H3K4me3 in the promoter 

regions of target genes [92]. Restoration of repressed myosin heavy-chain-associated 

lncRNA transcripts (abbreviated as Myheart) in the setting of pressure overload 

hypertrophy protects the heart from cardiomyopathy by interacting with and inhibiting 

Brg1 [93]. Myocardial infarction associated transcript (Miat), a potential risk factor of 

myocardial infarction, was discovered through a case–control association study of 

single nucleotide polymorphism markers [94]. The relationship of microRNAs to heart 

and vascular diseases, has been extensively reviewed [95, 96]. 

circRNA, a novel class of ncRNA, is formed by backsplicing and features a 

covalently joined loop structure without free 3′ and 5′ ends [97]. Circular Antisense 

Noncoding RNA in the INK4 Locus (ANRIL) is the first cardiovascular related circRNA 

that correlated with INK4/ARF expression and atherosclerosis risk [98]. Using a 

statistical method, circular Sodium/Calcium Exchanger (NCX1) was found to increase 

more rapidly during fetal heart development than its linear version [99]. Recently, 

using human umbilical vein endothelial cells, researchers showed that circZNF292 is 



17 
 

regulated by hypoxia and displays proangiogenic activity [100], although this family of 

RNAs remains largely unexplored in the cardiovascular system. 

 

New Epigenomic Techniques 

Sequencing-Based Techniques 

For histone variants, restriction endonuclease digestion of chromatin coupled to 

deep sequencing (RED-seq) offers an unbiased and sensitive method to study 

chromatin accessibility in nucleosome depleted regions, within nucleosome arrays and 

between different histone variants [101]. RED-seq is performed on permeabilized cells 

using restriction endonuclease digestion, DNA extraction with unbiased sonication, 

two separate steps of ligation of linkers, PCR amplification and sequencing. For 

tertiary structures such as TADs, Hi-C, that studies in situ DNA-DNA contacts, has 

been applied [46]. Sub-TAD structure, however, has been explored with the help of 

higher resolution 5C [102]. Apart from DNA-DNA interactions in shaping the three-

dimensional arrangement of chromatin, the function of specific proteins, especially 

transcription factors, can be identified through chromatin interaction analysis with 

paired end tag (ChIA-PET) that involves immunoprecipitation [103]. ChIA-PET can 

investigate specific proteins that modulate genome organization through formaldehyde 

crosslinking, DNA sonication, ChIP enrichment, followed by ligation and sequencing. 

For examining the occupancy profile of nucleosomes along chromatin, multiple 

techniques have emerged. For open chromatin, transposase-accessible chromatin 

using sequencing (ATAC-seq) features a simple and sensitive two-step protocol to 

explore the nucleosome landscape [104]. Without fixation, permeabilized gDNA is 
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ligated with the help of Tn5 transposase. After purification, open chromatin is amplified 

and sequenced. Another novel approach named methidiumpropyl-EDTA sequencing 

(MPE-seq) provides a sensitive method for detection the upstream open chromatin 

region of active promoters’ transcription start sites, which can be combined with 

micrococcal nuclease-sequencing (MNase-seq) to generate a detailed readout of 

chromatin structure and regulation [105]. MPE-seq uses ferrous iron to generate DNA 

breakage followed by sequencing with minimal bias. For histone modifications and 

transcription factor binding sites, ChIP followed by qPCR or sequencing has been 

extensively used to map the proteins or histone modifications bound to DNA with cell 

fixation, DNA sonication and sequencing [106]. Reduced representation bisulfite 

sequencing (RRBS) is a commonly used method for DNA methylation (cytosine 

methylation and hydroxylmethylation) analysis. RRBS uses bisulfite to convert 

unmodified cytosines to uracil, thereby revealing methylation distribution. A new 

technique named methyl-sequencing has been developed that has the ability to detect 

the 5-formylcytosine that is resistant to conversion in RRBS, combined with 

comprehensive methylation detection level by using cytosine-methylated universal 

adapters [107]. For detecting the hydroxylmethylation alone, Tet-assisted bidulfite 

sequencing (TAB-seq) [108] and oxidative bisulfite sequencing (oxBS-seq) [109] can 

be employed. TAB-seq uses Tet to convert methylcytosine to carbomethylcytosine, 

whereas oxBS-seq applies oxidization to convert hydroxymethylcytosine to 

formylcytosine. For transcriptome and alternative splicing, RNA sequencing remains to 

be the top choice. For the relationship between lncRNA and chromatin, chromatin 

isolation by RNA purification (ChIRP) sequencing can be used [110]. ChIRP maps the 
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genomic localization of a known ncRNA by antibody pull down. Besides RNAs, 

nascent transcripts that bind to RNAP II can be detected through methods such as 

nascent transcript sequencing (NET-seq) [111]. 

Through whole genome sequencing, specific genes that may affect the 

congenital heart diseases, dilated cardiomyopathy, arrhythmia and other heart-related 

diseases have been detected [112]. For changes in coding sequences, exome 

sequencing has emerged as a powerful choice due to lower cost and simpler 

interpretation in contrast with whole genome sequencing. Many heart diseases, such 

as congenital heart diseases [113], myocardial infarction [114], and coronary heart 

disease [115] have been explored with these approaches. Similar to RNA sequencing, 

DNA methylation sequencing has been compared with normal and diseased 

conditions, revealing aberrant methylation in genes associated with dilated 

cardiomyopathy [76], cardiac fibrosis [116], and congenital heart diseases [78]. 

Numerous proteins have been shown, by ChIP-seq experiments, to alter their 

association with the genome during heart disease, development and regeneration [93, 

117, 118, 119, 120, 121, 122, 123, 124, 125, 126]. 

 

Microscopy 

Using microscopy to visualize chromatin structure has tantalizing appeal, but 

limitations abound with regard to resolution. Light microscopy has a resolution around 

200–300 nm and employs florescent probes to visualize living cells. Certain 

techniques, such as fluorescence recovery after photobleaching (FRAP) and 

fluorescence in situ hybridization, can be coupled with light microscopy. For super-
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resolution microscopy, besides the antibody-based methods which have been applied 

to examine chromatin structure in cardiac myocytes during disease [127], new 

technique such as TALENs [128] and CRISPR/Cas9 [129] will enable the endogenous 

gene labeling for both proteins and DNA sequences that will give more reliable results 

that can be tailored to a specific genetic locus. Other readouts of genomic 

organization including RNA polymerase II, histone modifications and nascent RNA 

have been investigated [130, 131]. Imaging of the core histone H2B has also been 

used to reveal the spatial organization of chromatin fiber [132]. Cryogenic electron 

microscopy, with around 10 nm resolution, has been used to study chromatin structure, 

revealing the formation of higher-order chromatin features influenced by the presence 

of H1 [42]. 

In the heart, super-resolution microscopy, especially its application in T-tubule 

and calcium signaling, has been reviewed [133]. Label-free microscopy, generating 

light signals based on molecules’ photo-physiology, has been applied to reveal 

cardiac-vascular interactions [134]. Intravital microscopy, which is applied to living 

tissues, has been used to investigate the beating heart with single cell resolution 

during cardiac ischemia [135] and monocyte circulation during myocardial infarction 

[136]. Atomic force microscopy, a type of scanning probe microscopy with resolution 

ranging from 0.1 to 100 μm, allows 3D structural assessment in living cells. This 

method has been used to detect sarcomere lengthening [137] and valve leaflet 

stiffness [138]. Different kinds of electron microscopy have enabled the identification 

of myocyte morphology [139], ultrastructure of the intercalated disc [140], morphology 

of mitochondria [141] and the interaction of telocytes and myocytes [142]. Frontiers for 
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microscopic analysis of cardiac chromatin will be breached by novel labeling reagents 

as well as by the application of new imaging techniques, such as 3D super resolution 

and light sheet microscopy. 

 

Concluding Remarks and Perspective 

Chromatin is the substrate of cellular memory—it is the way cells, and therefore 

organs, remember what they are. The last decade of research in genomics, 

epigenomics and transcriptomics have revolutionized our understanding of the 

mechanisms through which these different tiers of biological information interact. 

Despite this progress in the basic science realm, this holistic approach to biology is 

challenging for translation: progress requires that we come to utilize cellular networks 

in similar terms as the EKG…to interpret a readout from ‘omics measurements akin to 

how chest auscultation is employed as an integral part of clinical decision making. 

This advance requires novel approaches to analyzing big data and, most importantly, 

investigations of epigenomic regulation and epigenomic susceptibility directly in 

human populations. 
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Fig 15.1 Chromatin landscaping. At individual loci, a balance of features 
promoting or inhibiting chromatin accessibility determines whether 
transcription occurs. As described in the text, these features decorate 
individual nucleosomes and combine to influence gene expression and 
chromatin structure on the scale of genes, chromatin territories and the entire 
genome 
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Chapter 1: The Chromatin-binding Protein Smyd1 Restricts Adult Mammalian 

Heart Growth 

 

Sarah Franklin, Todd Kimball, Tara L. Rasmussen, Manuel Rosa-Garrido, Haodong 

Chen, Tam Tran, Mickey R. Miller, Ricardo Gray, Shanxi Jiang, Shuxun Ren, Yibin 

Wang, Haley O. Tucker, and Thomas M. Vondriska 

[This study was originally published in American Journal of Physiology. Heart and 

Circulatory Physiology by Franklin, S et al. The chromatin-binding protein Smyd1 

restricts adult mammalian heart growth. Am J Physiol Heart Circ Physiol 311:H1234-

H1247, 2016.] 

 

Abstract 

All terminally differentiated organs face two challenges, maintaining their cellular 

identity and restricting organ size. The molecular mechanisms responsible for these 

decisions are of critical importance to organismal development, and perturbations in 

their normal balance can lead to disease. A hallmark of heart failure, a condition 

affecting millions of people worldwide, is hypertrophic growth of cardiomyocytes. The 

various forms of heart failure in human and animal models share conserved 

transcriptome remodeling events that lead to expression of genes normally silenced in 

the healthy adult heart. However, the chromatin remodeling events that maintain cell 

and organ size are incompletely understood; insights into these mechanisms could 

provide new targets for heart failure therapy. Using a quantitative proteomics approach 

to identify muscle-specific chromatin regulators in a mouse model of hypertrophy and 
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heart failure, we identified upregulation of the histone methyltransferase Smyd1 during 

disease. Inducible loss-of-function studies in vivo demonstrate that Smyd1 is 

responsible for restricting growth in the adult heart, with its absence leading to cellular 

hypertrophy, organ remodeling, and fulminate heart failure. Molecular studies reveal 

Smyd1 to be a muscle-specific regulator of gene expression and indicate that Smyd1 

modulates expression of gene isoforms whose expression is associated with cardiac 

pathology. Importantly, activation of Smyd1 can prevent pathological cell growth. These 

findings have basic implications for our understanding of cardiac pathologies and open 

new avenues to the treatment of cardiac hypertrophy and failure by modulating Smyd1. 

 

Smyd1; epigenetics; heart failure; cardiac hypertrophy; histone methyltransferase 

 

NEW & NOTEWORTHY 

This study is the first to demonstrate that loss of a muscle-specific chromatin-

binding protein, Smyd1, is sufficient to induce cardiac hypertrophy and failure. Moreover, 

the findings demonstrate that augmentation of Smyd1 levels can block hypertrophy in 

cell models. These studies may support novel strategies for cardiac-targeted epigenetic 

therapy. 

 

Heart failure is a particularly nefarious result of many different forms of 

cardiovascular disease and has a massive human health burden; >5 million Americans 

have heart failure (a number projected to increase to >8 million by 2030) with ~825,000 

new cases annually. Diabetes mellitus, hypertension, heart attacks, and atherosclerosis 
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all predispose patients to heart failure, and, although pharmacological treatments are 

available, outcomes are dismal with a 50% mortality rate 5 yr after diagnosis (13). 

Clearly, novel approaches for treatment of heart failure are desperately needed. 

During development, the mammalian heart expands the cardiac myocyte pool 

through hyperplasia. Soon after birth, however, myocytes (the contractile unit of the 

heart) undergo mitosis without cytokinesis and then exit the cell cycle (39). Like most 

terminally differentiated cells, adult cardiac myocytes lack the ability to proliferate and, 

in response to environmental stress, adapt via hypertrophic growth (9, 47). This 

hypertrophic response can be initially beneficial to maintain the workload of the heart 

following injuries such as myocardial infarction, but animal models and human studies 

have consistently shown that hypertrophic growth in the heart is a precursor to cellular 

and organ failure (18). It has been well established that heart failure involves activation 

of a transcriptional network that is conserved across animal models and humans. 

Specifically, genes associated with normal muscle development, but silenced in the 

healthy adult heart, become reactivated (40). Development and disease are regulated 

by a host of myocyte-specific transcription factors that regulate cardiac genes (37, 44). 

Manipulating this network, therefore, has significant therapeutic potential; however, the 

molecular entities regulating these genomic targets at the level of chromatin have been 

elusive. 

Recent studies have provided new insights into the epigenetic cues that 

determine distinct developmental transitions from pluripotency to mature cardiac 

myocyte (38, 49), but the landscape in the adult heart is more complex. Previous 

studies have demonstrated that histone deacetylases play a powerful role in controlling 



41 
 

cardiac growth (36, 52). Subsequent studies on chromatin-modifying enzymes have 

implicated specific classes and modifications of histone deacetylases (3, 23), 

acetyltransferases (50), chromatin-remodeling complexes (15), and histone mark 

readers (4) in heart failure. A fundamental gap in our understanding of the mammalian 

heart relates to how cardiac phenotype is established and maintained according to 

cardiac myocyte-specific chromatin modifiers. The absence of such insights also limits 

therapeutic targeting of cardiac chromatin, insofar as the heart is comprised of many 

distinct cell types, most if not all of which express the epigenetic modifiers explored in 

these previous studies. 

To identify chromatin modifiers responsible for maintenance of the adult cardiac 

myocyte transcriptome (and phenotype), we used quantitative proteomics to measure 

proteins associated with chromatin in the mouse heart and to detect changes occurring 

following heart failure induced by pressure overload. We then filtered the proteins 

according to cell type specificity and alteration with disease, examining only those that 

increased with heart failure. Among proteins in this group, only one was muscle specific, 

the SET and MYND domain containing histone methyltransferase, Smyd1. Previous 

studies on Smyd1 (also known as Bop) have demonstrated its role in early cardiac 

development (14), but its role in the adult heart was unknown. We generated mice with 

Smyd1 specifically deleted in an inducible manner in the adult cardiac myocyte. These 

animals develop heart failure following activation of a gene expression profile normally 

repressed by Smyd1 and associated with cardiac remodeling and dysfunction. We 

demonstrate that Smyd1 acts in part via transcriptional repression and can prevent 



42 
 

cardiac hypertrophy at the cellular level. These findings implicate Smyd1 histone 

methyltransferase as a novel muscle-specific molecular target for heart failure. 

 

METHODS 

Cardiac-specific inducible Smyd1 knockout mouse. 

All protocols involving animals conform to the NIH Guide for the Care and Use of 

Laboratory Animals and were approved by the UCLA Animal Research Committee. The 

endogenous Smyd1 sequence was obtained from a Lambda FixII Vector 129SV Mouse 

Genomic Library (Stratagene). LoxP sites were introduced, flanking the second and 

third exons of smyd1 followed by a neomycin cassette flanked by a third LoxP site, 

using a targeting construct designed in the Osdupdel vector (gift from William A. Kuziel). 

This targeting vector was electroporated into 129S6 embryonic stem (ES) cells, and 

surviving clones, selected with gancyclovir and G418, were screened for homologous 

recombination by Southern analysis by digestion with either Bgl II and Sal I or Bgl II and 

Kpn I and hybridization with probe 2 and probe 3, respectively. ES clones showing 

correct targeting in both arms were injected into C57BL/6 blastocysts to create chimeric 

mice, which were then mated to C57BL/6 females to create a germline knockin 

(Smyd1KI). Smyd1KI mice, B6.129 hybrids, were crossed to ubiquitously 

expressing EIIa-Cre mice, B6.FVB hybrids, and progeny were screened for deletion of 

the neomycin cassette by Southern analysis and backcrossed to remove EIIa-Cre. 

Resulting Smyd1flox mice, lacking EIIa-Cre, were crossed with α-MHC-MerCreMer mice 

purchased from Jackson Laboratory (cat. no. 005657). To induce recombination, mice 

were fed a diet containing tamoxifen, 0.4 mg/g of chow diet (Harlan, cat. no. TD.07262). 
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All mice used in this study were males 8–10 wk of age upon beginning tamoxifen chow 

feeding. To examine DNA synthesis and cell cycle progression, mice were injected with 

three doses of 5-bromo-1-(2-deoxy-β-D-ribofuranosyl) uracil (BrdU; 50 mg/kg body wt) 

at 12-h intervals and killed 2–4 h after the last injection. 

 

Echocardiography. 

Echocardiography (ECHO) was performed on a Vevo 2100 (Visual Sonics) to 

determine cardiac parameters in live mice as described (11, 32), including the following 

indices: left ventricular size (end-diastolic and end-systolic dimension), wall thickness 

(intraventricular septum and posterior wall thickness), ventricular mass, and ejection 

fraction. 

 

Histology. 

At the time of death, mice were anesthetized, and the heart was arrested in 

diastole with an intracardiac injection of 2,3-butanedione monoxime (10 mM). Whole 

hearts were rapidly excised from the animals fixed in 4% paraformaldehyde and then 

embedded in paraffin. Hearts were then sectioned at 4 μm and placed on slides. Small 

intestine was also harvested as a control for BrdU incorporation studies, as this tissue 

has a high cellular turnover rate. 

Heart sections were incubated with Texas red-X-conjugated wheat germ 

agglutinin (Invitrogen, 1:100) for 90 min and assessed for cell size. Hematoxylin and 

eosin (H and E) staining and Masson's trichrome (Sigma) staining were performed 

according to the manufacturer's protocols. Tissue sections were incubated with primary 
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antibodies to BrdU (ab6326, Abcam; secondary: A11006, Invitrogen) and α-actinin 

(A7811, Sigma; secondary: A11004, Invitrogen) and mounted with Vectashield 

containing DAPI (H-1200, Vector Laboratories). Tissue sections were visualized and 

imaged on either a Nikon eclipse TE2000-U microscope with SPOT software 

(Diagnostic Instruments) or a Nikon A1R MP multiphoton confocal microscope. 

 

Cell fractionation. 

Murine heart tissue and isolated neonatal rat ventricular myocytes (NRVMs) were 

subject to cellular fractionation as previously described to examine compartmental-

specific changes in protein abundance and localization (12, 33). 

 

Microarrays. 

For microarray analysis, heart tissue was removed from the left and right 

ventricles of Smyd1 knockout (KO) animals (or normal diet-fed control mice) 2 or 9 wk 

after tamoxifen treatment. Total RNA was isolated using TRIzol (Invitrogen) according to 

the manufacturer's protocol. RNA was analyzed for genome-wide expression analysis 

using an Illumina mouse bead chip (Mouse Ref 8 v. 2.0). All total RNA samples were 

quantified using a Ribogreen fluorescent assay and normalized to 10 ng/μl before 

amplification. Amplified and labeled cRNA was produced from 100 ng of each sample 

using the Illumina-specific version of the Ambion TotalPrep 96 kit (cat. no. 4393543). 

After a second Ribogreen quantification and normalization step, amplified and labeled 

cRNA was hybridized overnight at 58°C to the expression arrays. Washing and signal 

development were performed with the aid of a SciGene model 650c microarray 



45 
 

processor (LittleDipper). Chips were scanned on an Illumina iScan confocal scanner 

under standard parameters. Expression data was extracted and compiled using 

BeadStudio software (Illumina). Samples were analyzed in triplicate for each group, and 

data for each gene were averaged between the three samples. Data were subjected to 

background subtraction and quantile normalization. 

 

Isolated rat cardiomyocytes. 

NRVMs were obtained by enzymatic dissociation from 1-day-old litters and plated 

in DMEM media (Invitrogen, no. 11965) containing 1% penicillin, 1% streptomycin, 1% 

insulin-transferrin-sodium selenite supplement, and 10% fetal bovine serum for the first 

24 h, after which the cells are cultured in serum-free media. NRVMs were treated with 

adenovirus expressing either FLAG-tagged mouse Smyd1(a), Smyd1(b), or an empty 

virus (control). To induce hypertrophy in isolated NRVMs, cells were treated with either 

isoproterenol (ISO, 1 μM) or phenylephrine (PE, 10 μM) for 48 h. For cell size analysis, 

NRVMs were fixed with paraformaldehyde and stained with Alexa Fluor 488 phalloidin 

(A12379, Invitrogen) according to the manufacturer's protocol and imaged on a Nikon 

eclipse TE2000-U microscope. 

 

Electrophoresis and Western blotting. 

Proteins were separated by standard SDS-PAGE using Laemmli buffer. For 

Western blotting, proteins were transferred to nitrocellulose, membranes blocked with 

milk, and protein signals detected by enzyme-linked chemiluminescence (GE 

Biosciences). Ponceau staining of membranes was used to confirm transfer and protein 
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loading. Antibodies used in this study are as follows, including source and dilution: 

histone H3 (Abcam, ab1791; 1:10,000 dilution); histone H3-trimethylated-K9 (Abcam, 

ab8898; 1:500 dilution); histone H3-trimethylated K4 (Abcam, ab8580; 1:300 dilution); 

histone H4 (Abcam, ab10158; 1:1,000); histone H4-trimethylated K20 (Abcam, ab9053; 

1:300 dilution); β-actin (Sigma, A1978; 1:1,000 dilution); Gapdh (Santa Cruz 

Biotechnology, sc-20357; 1:1,000 dilution); FLAG (Sigma, F1804; 1:1,000 dilution); 

Smyd1 (Abcam, 32482; 1:1,000 dilution); Smyd1 (Santa Cruz Biotechnology, sc-79080; 

1:1,000 dilution); p53 (Santa Cruz Biotechnology, sc-1313; 1:500 dilution); Smyd2 

(Abcam, ab38821; 1:1,000 dilution); HSP90 (Abcam, ab13494; 1:300 dilution); HSP90 

(Cell Signaling, no. 4874; 1:1,000 dilution). 

 

Quantitative real-time PCR analysis. 

Total RNA was isolated from the left ventricle of the heart or from cultured 

NRVMs using TRIzol (Invitrogen) according to the manufacturer's protocol. Total RNA 

was transcribed using SuperScript First-Strand Synthesis system for RT-PCR 

(Invitrogen) according to the manufacturer's protocol to produce cDNA. cDNA 

transcripts were amplified on the iCycler iQ real-time PCR detection system with iQ 

SYBR Green Supermix (Bio-Rad). Expression levels were analyzed using the iQ5 

Optical Systems software v2.0 and normalized against GAPDH by subtracting the mean 

cycle number for each experimental group from the mean cycle number for GAPDH 

from the same group. Fold change was calculated using the ΔΔCt method. 

 

Luciferase reporter assay. 
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HeLa cells were grown in DMEM (Corning Cellgro) supplemented with 10% FBS 

and 1% penicillin/streptomycin on white 96-well plates. At 70% confluence, the cells 

were infected with either Ad-CMV-Null (empty virus) or Ad-Smyd1A-Flag adenovirus at 

a multiplicity of infection (MOI) of 100 in serum-free media. After 24 h, the cells were 

transfected with 75 ng of human TGF-β3, Nppa, negative control (scrambled), or 

positive control (actin) luciferase reporter construct (SwitchGear Genomics) using 

FuGene HD (SwitchGear Genomics) at a 6:1 ratio to DNA and incubated for 48 h. 

Luciferase activity was assayed using the LightSwitch Luciferase assay reagent 

(SwitchGear Genomics) according to the manufacturer's instructions and measured 

using a BioTek Synergy Neo HTS Multi-Mode microplate reader. This assay was also 

performed in NRVM cells; however, despite the detection of signal from the actin 

positive control construct, no signal was observed for TGF-β3 or Nppa. The promoter 

regions for these genes in human and rat contain significant sequence variability and 

may be the reason for the absence of signal in rat cells. 

 

ChIP-PCR. 

NRVMs (6 × 106) infected with adenovirus-expressing Smyd1a-FLAG or an 

empty vector control (in the presence or absence of PE treatment, 48 h) were fixed in 1% 

formaldehyde, lysed in membrane extraction buffer (Magnetic ChIP Kit), and sonicated 

using a Sonic Dismembrator (Fisher Scientific), leading to fragments between 300 and 

1,000 bp (for endogenous ChIP experiments, wild-type or Smyd1 KO heart lysates were 

used). ChIP was performed using a commercially available Pierce Magnetic ChIP Kit 

(Thermo, 26157) according to manufacturer's instructions. DNA-bound protein was 
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immunoprecipitated using an anti-FLAG (Sigma, F1804), anti-histone H3 trimethylated 

K4 (Abcam, ab8580), and anti-IgG (Santa Cruz Biotechnology, 2025) as a negative 

control. The DNA recovered was analyzed by quantitative real-time PCR using primer 

sets that amplified the promoter region of Tgf-β3 or atrial natriuretic factor (ANF) (Nppa). 

PCR was performed in duplicate with equal amounts of specific antibody-

immunoprecipitated sample, control (IgG) and Input. Values were normalized to input 

measurements, and enrichment was calculated using the ΔΔCt method. 

 

Bioinformatic analysis. 

The heatmap in Fig. 5A was generated using the function “heatmap.2” from 

gplots package (2.11.3) in R (3.0.1). The distance/dissimilarity between genes was 

calculated using Euclidean distance, as default. To achieve a better separation between 

upregulated expression (red) and downregulated expression (green), the single linkage 

method was used as the agglomeration method for hierarchical clustering. 

Gene ontology (GO) analysis for cluster 1 and 2 was conducted using ClueGO 

(v2.1.0) (5), a plug-in of Cytoscape (3.0.1) (42). When we searched for enrichment of 

GO terms, right-sided hypergeometric test was used with Benjamini-Hochberg 

correction on P value. The threshold of P value for biological process terms is 0.005 for 

cluster 1 and 0.0001 for cluster 2 and for cellular component and molecular function 

terms is 0.05 for both clusters. GO terms were restricted to levels 3 to 8. GO annotation 

evidence under Inferred from Electronic Annotation (IEA) was excluded. The restriction 

threshold for GO term connection (κ score), which determines the association strength 

between the terms, was set to 0.4. GO term fusion function and grouping function were 

https://www.physiology.org/doi/full/10.1152/ajpheart.00235.2016#F5
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enabled to reduce term redundancy. The size of each term node represents its 

relative P value, and the color represents the group to which it belongs. The leading 

term of each GO term group was assigned based on the highest significance. GO, 

KEGG, and Interpro analysis of all changing transcripts was performed using the DAVID 

Bioinformatics Resource (v6.7) developed by the NIAID (NIH). 

 

RESULTS 

To identify novel regulators of heart failure, we carried out a quantitative 

proteomic analysis of cardiac chromatin. Adult male mice were subjected to transverse 

aortic constriction, and their cardiac function was monitored by echocardiography for a 

period of 2–6 wk. In this model, mice develop progressive cardiac disease that is 

hallmarked by two phases: a compensatory hypertrophy phase, in which the muscle 

increases in size while the function of the organ is preserved, and a failure phase, in 

which the left ventricular chamber size increases and function deteriorates. Using high-

resolution mass spectrometry, we identified 176 proteins displaying altered association 

with chromatin as mice progressed into hypertrophy and failure (34). Unsupervised 

clustering of these proteins, following Z-score transformation of mass spectrometric 

intensities, revealed nine modules of proteins exhibiting distinct behaviors during 

pressure overload-induced heart failure. We performed GO analyses and literature 

searches on these proteins and identified the histone methyltransferase Smyd1 as a 

potential novel regulator of cardiac gene expression in the diseased heart. As detected 

in our mass spectrometry analysis, chromatin-bound Smyd1 is significantly increased 

during hypertrophy, and this increase is maintained in heart failure (Fig. 1A). 
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Subsequent Western blotting confirmed that both nucleoplasmic- and chromatin-bound 

populations of Smyd1 increased in the hypertrophic and failing mouse heart [Fig. 1, B 

and D; pressure overload hypertrophy is associated with manifold changes in histone 

variant expression, but these do not include a change in the total abundance of histone 

H3, as detected by Western blotting (11)]. To investigate whether changes in Smyd1 

levels were conserved across species and hypertrophic stimulus, we treated isolated 

NRVMs with ISO, a β-adrenergic receptor agonist that induces pathological cell growth. 

Similar to what was observed in mice after pressure overload, ISO [at a dose shown to 

induce myocyte hypertrophy (31)] increased total cellular Smyd1 expression in isolated 

cells (Fig. 1, C, top, and D). Analysis of subcellular compartments revealed that this 

increase occurred preferentially in the nuclear fraction and was associated with Smyd1 

translocation from cytosol to nucleus and/or resulted from a change in protein stability in 

one of these compartments (Fig. 1C, middle and bottom, and 1D) although the data did 

not allow us to distinguish between these possibilities. 

To investigate the role of Smyd1 in the adult heart, we next took a genetic 

approach. Inducible, myocyte-specific smyd1-null mice were generated by first 

engineering a smyd1 floxed mouse with the second and third exons targeted for 

deletion. These mice were bred to homozygosity, after which they grew and reproduced 

normally with no obvious phenotype. The smyd1flox/flox mice were then crossed with 

transgenic mice expressing the α-myosin heavy chain promoter-driven Cre gene flanked 

by two modified estrogen receptors. As described (43), this mouse expresses the 

resultant “MerCreMer” protein only in the heart. Upon treatment with the estrogen 

analog tamoxifen, this protein translocates to the nucleus and executes loxp-targeted 



51 
 

recombination activity. The experimental scheme for these mice is shown in Fig. 2A and 

confirmed by PCR in Fig. 2B. Resulting MerCreMer-smyd1flox/flox mice grew and 

reproduced normally in the absence of tamoxifen. Treatment of the mice with tamoxifen 

for 3 wk, followed by 1 wk on a normal diet, led to robust loss of Smyd1 at the protein 

level in the heart, while skeletal muscle Smyd1 was left unaffected (Fig. 2C). 

Loss of Smyd1 in the adult heart induced fulminant heart failure, as proven by 

rapid deterioration of ejection fraction (Fig. 3A) and dilation of the left ventricle (Fig. 3B). 

Postmortem analyses revealed significant increases in heart weight:body weight ratio as 

early as 2 wk (the earliest time point examined) after halting tamoxifen treatment. This 

index of cardiac pathology had nearly doubled by the 9–10-wk time point (Fig. 3C) and 

was driven by a concomitant increase in cardiomyocyte size, as measured by wheat 

germ agglutinin staining (Fig. 3, D and E, left). Fibrosis also resulted in the wake of 

Smyd1 depletion (Fig. 3E, right). Because others have reported a transient 

cardiomyopathy in MerCreMer mice in the absence of a floxed allele (22), we monitored 

cardiac function in a cohort of these mice in our study, observing no heart failure and 

cardiac hypertrophy phenotypes (Fig. 3F) following an identical treatment protocol used 

to generate the Smyd1-deficient animals. 

We attempted to carry out knockdown studies targeting Smyd1 in neonatal 

cardiac myocytes but were unsuccessful; doses of siRNA sufficient to knockdown 

Smyd1 induced significant cell death (data not shown). We speculate this finding 

reflects a differential role of the protein in neonatal development; indeed it is in 

agreement with the fact that the original Smyd1 germline knockout animals were lethal 

at the embryo stage (14). The progressive growth of the heart is also evident by H and 
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E staining of tissue sections at 9 wk (Fig. 3G) after tamoxifen administration. Heart rate 

was unaffected by loss of smyd1 (data not shown). To investigate whether deletion 

of smyd1 led to myocyte proliferation, mice were administered BrdU, which is 

incorporated into DNA during mitosis. We observed no BrdU-positive myocytes 

in MerCreMer-smyd1flox/flox mice on normal or tamoxifen diet (Fig. 3H), suggesting that 

cellular proliferation was not a significant contributor to the increase in muscle mass 

observed following loss of smyd1. We have followed the MerCreMer-smyd1flox/flox mice 

out to 10 wk after return to normal chow and observed no increase in mortality 

compared with either tamoxifen-treated MerCreMer mice with no floxed allele or 

untreated mice (that is, no mice died in any of these groups up until that time point). In 

separate experiments (data not shown), we observed that subjecting the Smyd1-

depleted mice to pressure overload led to a more precipitous decline in cardiac function 

compared with either Smyd1 depletion or aortic banding alone although further 

investigation will be necessary to determine how the stress of Smyd1 loss interacts with 

the pathophysiological response to aortic banding. 

Cardiac hypertrophy has been reported to involve a shift in gene expression 

wherein the diseased adult heart converts to a transcriptome reminiscent of the fetal 

myocardium (40). The mechanisms controlling this transition at the level of chromatin 

are unknown. Because Smyd1 was found to be upregulated in heart failure (Fig. 1), we 

reasoned that this protein may be an endogenous inhibitor of this disease-associated 

gene expression program. To test this hypothesis, we investigated expression of 

pathological genes in smyd1-null hearts. RT-PCR measurements of transcript 

abundance for α/β-myosin heavy chains, atrial natriuretic factor, sarcoplasmic reticulum 
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Ca2+ ATPase, glucose transporters (type 1 and 4), and carnitine palmitoyltransferase 

(type 1a and 1b) revealed significant changes following loss of smyd1 (Fig. 4, A–H). 

With the exception of Glut1, these changes were progressive and mirrored the 

deterioration of cardiac function in these mice (Fig. 4). We next examined signaling 

molecules implicated in Smyd1 function, including the Smyd1 chaperone HSP90 [Fig. 4I 

(2, 48)], which was increased, and the Smyd1 interactor p53 [Fig. 4J (2, 21)], which was 

decreased, in the smyd1-null heart. Although ostensibly incapable of functional 

compensation at the cell and organ level, loss of smyd1 led to a modest increase in 

expression from the closely related family member, Smyd2 [Fig. 4K; note that Smyd2 is 

dispensable for cardiac development and mature function (8), and pressure overload 

did not induce changes in its abundance in the wild-type heart as shown in Fig. 1E]. To 

investigate whether loss of smyd1 affects global levels of histone posttranslational 

modifications, we performed Western blotting for well-characterized histone methylation 

events in total cell lysates. Interestingly, loss of smyd1 had no effect on global levels of 

the heterochromatin mark, H4K20Me3 (Fig. 4L), the euchromatic mark, H3K4Me3 (Fig. 

4M), or the constitutive heterochromatic mark, H3K9Me3 (Fig. 4N). 

To further investigate the signaling pathways and specific gene expression 

events regulated by Smyd1, we took an unbiased transcriptome analysis approach. 

Hearts were harvested at an early (2 wk) and late (9 wk) time point after tamoxifen 

administration, and right and left ventricles were collected. These time points 

correspond to mild and severe cardiac dysfunction, respectively, following loss 

of smyd1 in these animals. mRNA was purified, and expression microarrays were 

conducted on these samples, with the age-matched normal diet-fed animal serving as a 
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time- and chamber-specific control (4 animals were examined in each group). This 

dataset is a resource for understanding molecular targets of Smyd1 but also an 

important global measurement of the transcriptome remodeling that occurs during the 

transition of the heart into hypertrophy and on to failure. 

Before focusing on individual genes, however, we wanted to determine the global 

role of Smyd1 to influence gene expression. To do this, all transcriptomic data (including 

early and late time points, right and left ventricles) were plotting as a heat map and 

clustered in an unsupervised manner. The result (Fig. 5A) displays upregulated (red 

areas, so called cluster 2) and downregulated (green areas, cluster 1) transcripts. We 

next performed GO and KEGG analysis on these two major clusters (Fig. 5, B and C) to 

generate network maps of key processes regulated by Smyd1. Network nodes are sized 

according to P value and colored according to the most significantly enriched term in 

each group. There are two salient observations: first, downregulated transcripts are 

enriched for genes involved in metabolic processes (Fig. 5B); second, upregulated 

genes in the knockout are enriched for developmental and muscle growth genes (Fig. 

5C), providing unbiased evidence in support of the conclusion that Smyd1 is a global 

repressor of development and growth in the adult heart. 

We next examined each of the microarray datasets individually using GO and 

KEGG (followed by Interpro domain analyses for the implicated pathways), revealing 

the pathways implicated in a chamber-specific manner over time, as loss 

of smyd1 induces cardiac hypertrophy and failure. Bioinformatic analyses revealed a 

significant enrichment in molecules involved in transcriptional repression, muscle 

development, growth, TGF-β signaling, and extracellular matrix (Fig. 5, D and E), 
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supporting our histological observation of increased collagen deposition in the smyd1-

depleted myocardium (Fig. 3E). Indeed, RT-PCR was used to confirm changes in 

expression of several of the genes measured by microarray, including three members of 

the TGF-β family (Fig. 5F), further validating the role of Smyd1 to repress growth 

signaling and gene expression in the normal heart. 

To identify gene targets directly regulated by Smyd1 and to further investigate 

the mechanism by which Smyd1 controls gene expression, we examined 

the tgfbeta3 and nppa loci using ChIP-PCR. Previous studies had shown that 

sequences within 1 kb 5′ of the transcriptional start sites of tgfbeta3 (28) and nppa (10) 

were essential for transcription. Consistent with these observations, we observed 

significant enrichment of Smyd1 binding upstream of both 

the tgfbeta3 and nppa transcriptional start sites (Fig. 5, G and H, top), demonstrating 

direct recruitment of Smyd1 to their promoter regions. It should be noted that we also 

performed ChIP further 5′ of these regions because previous work had identified critical 

control regions substantially upstream of the transcriptional start site for tgfbeta3 (28) 

and particularly for nppa (19). Contrary to our initial hypothesis, Smyd1 binding did not 

correlate with enrichment of histone H3 lysine 4 trimethylation across the region (Fig. 5, 

G and H, bottom). However, luciferase analyses confirmed that Smyd1 binding to these 

regions repressed transcription of tgfbeta3 and nppa (Fig. 5I). To determine whether 

Smyd1 modulates these genes in the heart, we investigated localization of Smyd1, as 

well as multiple histone marks, to the transcription start site region 

in tgfbeta3 and nppa using ChIP-PCR. Loss of Smyd1 was also associated with a 

decrease in multiple histone marks, concomitant with a decrease in total histone H3, in 
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the promoters of these genes (data not shown), which we interpret as evidence of 

general nucleosome depletion in the promoter regions, possibly as part of 

transcriptional activation, although future studies will be required to test this conjecture. 

Last, ChIP-PCR against genes not targeted by Smyd1 [using primers (24, 29) validated 

to target regulatory regions of these genes from previous publications] shows a lack of 

enrichment at beta-actin and beta-tubulin, supporting specificity in targeting. 

Because the absence of Symd1 induced rapid heart failure in the adult mouse, 

we last sought to determine whether overexpression of Smyd1 would be sufficient to 

prevent hypertrophy. There are two isoforms of Smyd1 in the mouse heart; Smyd1a 

differs from Smyd1b by the presence of a 13-amino-acid region in the E-T domain of the 

former, a feature that is conserved in the single isoform of Smyd1 in humans (Fig. 6A). 

Adenoviral-mediated overexpression of Smyd1a or Smyd1b was successful (at varying 

MOI) to increase Smyd1 protein levels (Fig. 6, B–D). We detected no effect of this 

overexpression on basal cell phenotype in isolated cardiac myocytes. However, 

overexpression of Smyd1a (Fig. 6, E and F), but not Smyd1b (Fig. 6, G and H), was 

sufficient to block PE-induced hypertrophy. Overexpression of Smyd1a or Smyd1b also 

altered the expression of some genes often associated with cardiac pathology (Fig. 6I). 

For example, basal levels of SERCA and α/β-myosin heavy chain (MHC) were 

downregulated (empty virus infection blocked the PE-induced upregulation of β-MHC 

we observe in untransfected cells), and the increase in ANF induced by PE was blocked. 

In agreement with the actions of TGF-β3 as a potential downstream target of Smyd1, 

the basal expression of this gene (along with TGF-β1) was diminished after Smyd1 

activation. These findings indicate that, although only Smyd1a was effective to prevent 
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hypertrophy in isolated cardiac myocytes, both isoforms can regulate gene expression, 

and their actions impact both basal and agonist-induced transcript abundance. 

 

DISCUSSION 

During normal development, a series of epigenetic transitions converts 

multipotent progenitor cells into the various lineages of the heart, including cardiac 

myocytes. Soon after birth in mammals, cardiomyocytes become binucleated and stop 

dividing. From this point forward, their response to injury or stress is (almost always) to 

either die or increase in size. Although the latter can be beneficial to maintain the 

function of the organ, cellular hypertrophy—and the concomitant conversion to a 

pathologic (and perhaps more developmentally primitive) transcriptome and proteome 

that accompanies it—ultimately leads to heart failure. In the present study, we provide in 

vivo evidence that addresses key elements of this mystery of cardiac function. How 

does the healthy adult heart keep developmental genes silenced? Our data 

demonstrate that loss of Smyd1 in the adult heart removes a repression on such genes, 

leading to extensive transcriptome remodeling and precipitous heart failure. In the 

normal heart, Smyd1 is upregulated during the hypertrophic phase of disease, probably 

as part of an endogenous defense mechanism that is ultimately overwhelmed when the 

heart transitions to failure. 

Previous investigations have shown unequivocally that chromatin modification 

can induce hypertrophic growth, as well as restrict it, including in physiological and 

pathological conditions (3, 4, 15, 23, 36, 50). One study showed that the histone 

methyltransferase JMJD2A is a positive regulator of hypertrophy, with overexpression 
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leading to exacerbated response to hypertrophy and knockout protecting against it (53). 

However, this protein is not cardiac specific, likely explaining the lack of a phenotype in 

these JMJD2A transgenic or knockout animals at baseline. Despite this exciting finding, 

until now no study to our knowledge has demonstrated a muscle-specific chromatin 

protein that restricts adult cardiac growth. Our results are a step toward reconciling 

cardiac-specific gene expression with the cell type-independent, genome-wide actions 

of many chromatin modifiers. How do cardiac transcription factors, active in the adult 

heart, avoid spurious transcription of developmentally silenced genes? Our data 

demonstrate that this occurs partly through the actions of Smyd1, which we observe to 

be an endogenous inhibitor of a panel of pathological and developmental genes in the 

adult myocardium. 

There are five Smyd family members expressed in mammals, but only Smyd1 is 

restricted to striated muscle. The human smyd1 gene produces a single transcript, 

which shares this striated muscle specificity with two of the three 

murine smyd1 transcripts, Smyd1a and b (the third, murine Smyd1c, being restricted to 

T cells). Previous studies have shown Smyd1 to be necessary for early heart 

morphogenesis (14) and to be transcriptionally regulated by serum response factor and 

myogenin (26). Other investigations have examined Smyd isoforms in striated muscle, 

demonstrating a role for zebrafish Smyd1b in skeletal and cardiac myofibril assembly 

(27, 46). In our study, Smyd1b in the mouse had no effect on hypertrophic cell growth 

(Fig. 6, G and H), whereas the Smyd1a isoform prevented pathological changes in 

myocytes exposed to PE (Fig. 6, E and F). In addition to these novel phenotypic 

findings regarding the ability of Smyd1 to inhibit disease progression, this study 
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supports a paradigm shift in the basic biological function of Smyd1. Smyd family 

members were originally thought to activate gene transcription through methylation of 

histone H3 lysine K4; however, to date this enzymatic activity has only been reported to 

occur in vitro. Conversely, the notion of Smyd1 as a transcriptional repressor was first 

suggested by Gottlieb et al. (14), without direct in vivo evidence for this action in adult 

myocardium. The present study demonstrates the in vivo activity of Smyd1 as a 

transcriptional repressor of a host of genes (Fig. 5, A–C). Furthermore, we show by 

ChIP and luciferase reporter assay that Smyd1 binds directly to the promoter regions 

of tgfβ3 and nppa/ANF and inhibits their expression. These findings were not associated 

with significant changes in H3K4Me3 globally or at targeted loci we evaluated, calling 

into question the model in which Smyd1 targets this histone modification in vivo. 

Disease models in vivo and in cell culture have complementary strengths and 

weaknesses for analyzing gene expression. In Smyd1-deficient hearts, we observed a 

progressive reprogramming of fetal genes, with β-MHC and ANF increased and α-MHC 

and SERCA2A decreased. These changes were consistent with the expected trends for 

these genes during heart failure. However, unlike α-MHC and ANF, neither β-MHC nor 

SERCA2A responded as the anticipated trend in the Smyd1 overexpression scenario. 

There are several possible explanations for these observations. For example, the in vivo 

situation may result from, not only the direct actions of Smyd1, but also indirect actions 

that require more time to develop to the observed endpoint of heart failure. Also, the 

overexpression experiment that led to elevated levels of Smyd1 may not be optimal in 

that we are attempting to modify baseline gene expression in addition to agonist-

induced changes. Future studies using transgenic and/or viral strategies to modulate 
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Smyd1 levels in the heart may be required to fully address the regulation of these 

specific gene targets. 

Because of the known role of Smyd proteins to regulate sarcomere function in 

vivo (48), we sought to examine nonnuclear populations of Smyd1 during disease. Our 

findings indicate that changes in nuclear Smyd1 in the setting of heart failure involve a 

concomitant decrease in cytosolic Smyd1 (which under basal conditions is comparable 

to nuclear Smyd1); this occurs along with an increase in total cellular Smyd1 protein 

levels. Furthermore, and also relevant to the actions of Smyd1 outside of the nucleus, 

loss of Smyd1 led to increased extracellular fibrosis, which could be in part due to the 

actions of Smyd1 at the membrane, in addition to transcriptional actions of this protein 

(Fig. 7). In contrast, overexpression experiments failed to alter the general myofibrillar 

architecture while being sufficient to block agonist-induced hypertrophy. Therefore, 

further work is required to distinguish genomic from nongenomic actions of Smyd1, 

given the convincing data from previous studies implicating this family of proteins in 

cytoplasmic and membrane, i.e., nonhistone, targets. Indeed on the basis of our work 

with histone posttranslational modifications in this study, we think it highly likely that 

many of the targets of Smyd1 are unidentified residues on histones and/or unknown 

proteins in the nucleus and beyond. 

It is interesting to speculate on the binding partners with which Smyd1 interacts 

to achieve specificity in its intracellular tasks. Previous investigations demonstrated 

roles for p53 and Hsp90 in Smyd family function (20, 48), in addition to being 

independently implicated in cardiac hypertrophy (25, 41), and indeed these proteins 

underwent altered expression following Smyd1 depletion in our study. Furthermore, we 
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directly tested the hypothesis that global histone H3K4 trimethylation levels would be 

altered in the knockout mice; they were not, contrary to our expectation. We did, 

however, see alteration in levels of H3K4Me3 around key cardiac 

genes TGFβ and ANF following Smyd1 overexpression, suggesting that there is focal 

regulation of histone marks. In our view, the most likely explanation for these 

observations is that global levels of chromatin accessibility are modulated by a cadre of 

proteins, rather than a single enzyme or pathway, and, when Smyd1 is depleted, other 

chromatin modifiers are engaged to maintain a modicum of control on gene expression. 

Our observation that transcriptome remodeling after Smyd1 depletion leads to massive 

changes in cardiac gene expression, but not wholesale transcriptional chaos (for 

instance, permanently silenced noncardiac genes are not activated en masse), supports 

a buffering capacity in the epigenomic machinery that preserves the cardiac phenotype. 

A recent emergence (16, 17, 38, 49) of studies examining chromatin marks and 

transcription factors in cell systems and using recombinant proteins notwithstanding, 

genome-wide positioning of cardiac transcription factors in vivo, using ChIP-seq 

approaches, have been lacking. Indeed we were unsuccessful in our attempts to 

optimize immunoprecipitation of endogenous Smyd1 to sufficient levels to enable DNA 

sequencing, probably attributable to limitations of the available reagents and abundance 

and localization of endogenous Smyd1 (as discussed elsewhere, the protein partitions 

between nucleus and cytosol in cardiomyocytes). 

Studies from human patients with heart failure indicate that significant 

transcriptome and phenotypic remodeling is possible even in the sick heart (30) through 

interventions such as ventricular assist devices (7, 51), which mechanically unload the 
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ventricle. Indeed mechanical unloading of the heart in humans has been shown to 

return endogenous Smyd1 expression to basal levels following its upregulation in the 

diseased human heart (6). These observations provide rationale for strategies to 

globally remodel chromatin, but a limitation has been that this remodeling must be done 

in a cell type-specific manner, to avoid unwanted side effects and to improve efficacy. 

The identification of a muscle-specific histone modifier that represses endogenous 

cardiac growth provides an exciting molecular target to overcome this limitation. Recent 

studies have indicated that Smyd1 plays an important role in other types of striated 

muscle; its absence during development (Myf5-driven) undermined myoblast 

differentiation (35), whereas disruption in the committed myoblast lineage (Myf6-driven) 

led to fast-twitch skeletal muscle weakness, hypotrophy (in contrast to the hypertrophy 

in the heart), and myofibrillar disarray, among other subcellular abnormalities (45). 

Nevertheless, given the strong sequence conservation between mouse and human 

Smyd1 (94.49% similarity at the amino acid level; Fig. 6A) and the fact that Smyd1 is 

upregulated in human heart failure (1, 6), it is an exciting indication that this pathway 

may be operative in humans. The present study examines the molecular basis for how 

Smyd1 functions in vivo and provides compelling evidence that it may serve as a novel, 

muscle-specific therapeutic target. 
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Figure Legends 

Fig. 1. Identification of Smyd1 as a novel participant in pathological cardiac hypertrophy 

and failure. A: among hundreds of chromatin-bound proteins quantified during pressure 

overload-induced hypertrophy and heart failure, Smyd1 abundance increased during 

compensatory hypertrophy and failure, as measured by mass spectrometry-based 

peptide abundance from cardiac chromatin. This trend was confirmed by Western 

blotting (B); we also observed an increase in nucleoplasmic (i.e., nuclear localized, not 

bound to chromatin) Smyd1 during heart failure. IB, immunoblot. C: to determine 

whether activation of Smyd1 was conserved across species and stimulus, we examined 

expression and localization following isoproterenol (ISO; 1 μM for times indicated) 

treatment of ventricular myocytes. D: quantitation of Western blots from B and C. E: 

Smyd2 expression is unchanged in the setting of pressure overload-induced heart 

failure; n = 4–6 per group for all Westerns; bars are SE, *P < 0.05. 

 

Fig. 2. Generation of cardiac-specific, tamoxifen-inducible smyd1-null mice. A: positional 

cloning was used to insert loxp sites flanking exons 2 and 3 of smyd1 to produce the 

target allele. These mice were bred to homozygosity and then crossed with transgenic 

mice expressing the Cre recombinase positioned between two copies of the tamoxifen-

responsive modified estrogen receptor and driven by the α-myosin heavy chain (MHC) 

promoter (so called Mer-Cre-Mer mice). B: PCR genotyping confirmed genetic 

manipulation (location of primers are indicated in A). Resulting mice express Mer-Cre-

Mer in adult cardiomyocytes, and, upon treatment with tamoxifen (Tmx), this protein 

excises the floxed region of the mutant smyd1 allele. Mice fed a tamoxifen diet for 3 wk 



65 
 

followed by 1 wk on a normal diet demonstrate near complete loss of Smyd1 protein 

specifically in the heart; Smyd1 in skeletal muscle is unaffected (C). Diagonal lines 

indicate removal of gel lanes. WT, wild-type. 

 

Fig. 3. Loss of Smyd1 in the adult heart induces progressive hypertrophy and failure at 

the organ and cell level. Cardiac function in smyd1flox/floxCre+/− mice was measured by 

echocardiography (ECHO). A baseline reading was taken in each mouse before 3 wk 

on tamoxifen or regular diet. After 1 wk back on regular diet in the experimental group, 

ECHO measurements were made on a weekly basis in both groups. We observed a 

progressive decline in left ventricular ejection fraction (A) coupled with a progressive 

increase in left ventricular end-diastolic dimension (LVEDd) (B) as a result of smyd1 

deletion (n = 37 control mice and 36 tamoxifen=treated mice for A and B; *P < 0.05 vs. 

regular diet at same time point). Loss of Smyd1 also induced an increase in muscle 

mass at the whole organ (as measured by heart weight:body weight ratio, HW/BW, *P < 

1E-5; C) and individual cardiac cell level as measured following wheat germ agglutinin 

staining (D and E, left, 10 wk after tmx; bar = 50 μm), concomitant with an increase in 

fibrotic deposition as measured by trichrome staining (E, right, 8 wk after tmx; bar = 100 

μm); n values for HW/BW and cell size are indicated, the former indicating number of 

animals and the latter indicating number of cells (from a total of 4 animals per group). 

KO, knockout. F: MerCreMer-smyd1wt/wt mice (i.e., mice with no floxed alleles) develop 

neither cardiac dysfunction nor hypertrophy when administered the same tamoxifen 

protocol. G: marked chamber dilation is observed in Smyd1-deficient mice at 8–10 wk 

after return to normal chow. H: MerCreMer-smyd1flox/flox mice were injected with 5-
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bromo-1-(2-deoxy-β-d-ribofuranosyl) (BrdU) to label actively replicating cells. Small 

intestine positive control shows strong BrdU incorporation. We observe incorporation of 

BrdU in neither the hearts of MerCreMer-smyd1flox/flox mice fed a normal diet (middle) 

nor those with the same genotype on a tamoxifen diet for 10 wk (bottom; bar = 50 μm). 

 

Fig. 4. Smyd1 is a previously unknown regulator of a conserved transcriptional program 

underlying heart failure. A–H: fetal genes were measured by RT-PCR and values 

expressed as fold change relative to mice not fed tamoxifen. *P < 0.05; n = 5–8 for no 

tmx, n = 6 for post tmx 2 wk, and n = 7 for post tmx 9–10 wk. ANF, atrial natriuretic 

factor. I–N: as determined by Western blotting, loss of Smyd1 increased expression of 

Hsp90, decreased expression of p53, resulted in an upregulation of Smyd2, and had no 

effect on global levels of histone H4 (K20) and H3 (K4 and K9) trimethylation. O: 

quantitation of I–N; *P = 0.002. 

 

Fig. 5. Transcriptome analyses reveal Smyd1 to be a transcriptional repressor of a core 

set of developmental genes. Transcriptome analyses were performed separately on 

right ventricles (RV) and left ventricles (LV) from mice with deletion of Smyd1 at 2 wk 

and 9 wk after removal from tamoxifen diet (controls were normal diet-fed littermates). A: 

all genes measured in both groups, RV and LV, are displayed in heat map format (red is 

upregulation, green downregulation, and black statistically unchanged) and clustered 

according to similar behavior. 2 clusters were defined as indicated, and the functionality 

of genes in those clusters was determined by gene ontology (GO) analysis. The 

networks for cluster 1 (B) and 2 (C) for the biological process ontology are shown. In the 
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network figures, node size indicates the P value, and linkage between two terms 

indicates the relatedness, as determined by κ statistics. The color indicates functional 

groups with each group represented by their most significant leading term. All terms 

shown in the network image of cluster 1 are filtered at P < 0.005; those in cluster 2 are 

filtered at P < 0.0001. Bioinformatic analyses of transcripts with altered expression in 

the LV, at week 2 (D) and week 9 (E) after Tmx treatment, show significant enrichment 

in genes involved in extracellular matrix remodeling, fibrosis, and transcriptional 

repression. MF, molecular function; BP = biological process; CC, cellular component; 

KEGG, KEGG analysis; ITP, Interpro analysis. Microarray results for several of these 

transcripts were subsequently validated by RT-PCR (F: all those we attempted to 

validate are shown; n = 3–6/group; *P < 0.05 vs no tamoxifen group). Chromatin 

immunoprecipitation (ChIP) and qPCR for Smyd1 (using FLAG antibody) show 

enrichment in the promoter region of target genes tgfbeta3 (G) and nppa (H); however, 

no corresponding enrichment of histone H3 lysine K4 trimethylation was detected in 

these regions (bottom). *P ≤ 0.05. I: luciferase reporter assay using the tgfbeta3 and 

nppa promoters confirms that Smyd1 acts as a transcriptional repressor by inhibiting 

transcription of these genes; n = 6/group; *P < 0.05. J: as a negative control, Smyd1 is 

enriched by ChIP-PCR at neither β-tubulin nor β-actin using primers shown previously 

to target the regulatory regions upstream of these genes [−3 kb for β-tubulin (24), −73 

bp for β-actin (29)]. 

 

Fig. 6. Overexpression of Smyd1 attenuates cellular hypertrophy in vivo. A: there are 2 

splice variants of Smyd1 in mouse heart, differing by a 13-amino-acid sequence present 
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in Smyd1a and absent in Smyd1b, but conserved in the single human Smyd1 transcript. 

B–D: adenoviral infection of myocytes led to robust Smyd1 expression, as confirmed by 

RT-PCR and Western blotting. MOI, multiplicity of infection. E and F: overexpression of 

Smyd1a had no effect on basal cell size but prevented phenylephrine (PE)-induced 

myocyte hypertrophy (phalloidin staining; scale bar = 100 μm; quantified from ~100 cells 

per group in 3 independent experiments; *P < 0.001). G and H: overexpression of 

Smyd1b required higher MOI and had no effect on PE-induced cell growth (quantified 

as described in F). I: RT-PCR analysis of fetal genes and Smyd1 targets in neonatal rat 

ventricular myocytes after adenovirus infection in the presence and absence of PE. *P ≤ 

0.05 compared with empty virus control without PE. 

 

Fig. 7. Model for functions of Smyd1 in the adult myocardium. Under basal conditions, 

Smyd1 functions as a transcriptional repressor to inhibit cell growth and maintain 

cardiomyocyte size. Loss of Smyd1 in the adult myocardium leads to prohypertrophic 

signaling resulting in myocyte growth, fibrosis, and functional decline. 
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Chapter 2: The Histone Chaperone NAP1L4 Regulates Cardiac Transcription in 

Hypertrophy 

 

Introduction 

Histone chaperones are a key group of regulators involved in histone dynamics 

including nucleosome assembly and disassembly1. They are involved in various 

transcription-associated exchanges such as initiating robust transcription and 

elongation2.  

NAP1L4, also called NAP2, is a histone chaperone and was first identified from a 

human placenta cDNA library. This gene is ubiquitously and biallelically expressed 

homology of yeast nucleosome assembly protein (NAP1)3. Additional roles of NAP1L4 

may be initiated by a stretch of amino acid residues in NAP1L4 at position 255-274 that 

has characteristics similar to those of nuclear localization signals (NLS)4. Recombinant 

NAP1L4 has the ability to bind linker and core histones alike4. For example, a study 

performing mass spectrometry analysis in vitro models of permeablized HeLa cell 

systems found NAP1L4 binding to histones H2A-H2B5. NAP1L4 is regulated by 

phosphorylation and found to be dephosphorylated following DNA damage stimuli6 or 

during cell division. Cell cycle changes perturb phosphorylation status in NAP1L4; 

between G0 and G1 phases, phosphorylated NAP1L4 stays in the cytoplasm with core 

histones, whereas during the G1/S phase transition, NAP1L4 could be 

dephosphorylated and NLS was revealed, leading to nucleus transportation of NAP1L4 

followed by histone deposition onto DNA4, 7. In addition to the aforementioned 
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nucleosome assembly mechanism, NAP1L4 can also act as a nucleosome disassembly 

protein.  

NAP1L4 control via phosphorylation may not be circumscribed to cellular division, 

as it can be rapidly modified by mitogen-activated protein kinase signaling8  that is 

involved in heart function and diseases9. A previous co-immunoprecipitation study has 

demonstrated that the association of p300-CBP coactivator family with NAP1L4, 

increasing the expression of p300 targets, including p53 and E2F10. Moreover, NAP1L4 

was suggested to interact with topoisomerase I, a transcriptional critical enzyme that 

loosens nucleosomes for increased accessibility11, 12. In terms of spatial regulation, 

NAP1L4 can bind to diacylglycerol kinase ζ (DGKζ)--the dominating DGK isoform in 

ventricular myocardium13--preventing the translocation of DGKζ into the nucleus14. The 

relocation of DGKζ has been shown to be important during ischemia/reperfusion15. 

Our previous proteomic experiments identified altered expression of NAP1L4 in 

the hypertrophic and failing mouse heart after pressure overload, raising the possibility 

that this protein was an unrecognized participant in disease-associated chromatin 

remodeling. In the present study, we used PHE to induce hypertrophy in NAP1L4 

knockdown NRVMs to investigate the mechanisms by NAP1L4 inhibits the activity of the 

fetal gene program (a group of genes previously shown to be regulated in the setting of 

of hypertrophy) in cardiomyocytes. Overexpression of NAP1L4 was also examined to 

further explore the protein’s function in cardiomyocytes. 

 

Material and Methods 

NAP1L4 knockdown with PHE treatment using NRVM 
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NRVMs were acquired from the lab of Dr. Yibin Wang by enzymatic dissociation 

from the ventricles of 1-day-old pups and plated in serum media for the first 24h, after 

which the NRVMs were cultured in serum- and antibiotic-free media containing 1% 

insulin-transferrin-sodium selenite supplement (time 0). Four groups were designed: 1) 

the control group with Lipofectamine RNAi Max (Lipo) only (Invitrogen, 13778-150); 2) 

siRNA knockdown group transfected with 50nM NAP1L4 siRNA (Qiagen, SI01797901) 

and corresponding Lipo; 3) PHE only group (10µM) treated at time 48h; 4) siRNA 

knockdown with PHE treatment at time 48h (Figure 2-1). After a treatment totaling 96h, 

NRVMs were harvested and followed by western blot, qPCR, and cell size 

measurement through Nikon eclipse TE2000-U microscope and quantified by Image J. 

Western blot was implemented by an anti-NAP1L4 antibody (ab21631, Abcam). Primers 

[forward (F) and reverse (R)] that used in this study were as follows: NAP1L4 F-5’-

GCCGCCGAACTGTGTGGGAA-3’ R-5’-TGCAACAACCCACCCACCCC-3’; GAPDH F-

5’- CCCACTAACATCAAATGGGG-3’ R-5’-CCTTCCACAATGCCAAAGTT-3’; ANF F-5’-

CTGATGGATTTCAAGAACCTGCT-3’ R-5’-CTCTGGGCTCCAATCCTGTC-3’; 

SERCA2a F-5’-CCTTCTACCAGCTGAGTCATTT-3’ R-5’-

CAGATGGAGCCCACGACCCA-3’; α-MHC F-5’-GAACAGCTGGGAGAAGGGGG-3’ R-

5’-GCCTCTGAGGCTATTCTATTGG-3’; and β-MHC F-5’-

CTCAACTGGGAAGAGCATCCA-3’ R-5’-CCTTCAGCAAACTCTGGAGGC-3’. 

 

NAP1L4 overexpression with adenovirus 

An adenovirus for NAP1L4 with GFP was ordered from Vector BioLabs and 

transfection of NRVMs performed as the experiment group. The empty GFP (Ad-CMV-
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GFP) was used as a control (Vector BioLabs, 1060). After the 96h of NAP1L4 

overexpression, cells were harvested and western blot, qPCR, and cell size calculations 

were completed as previously described. 

 

Results 

NAP1L4 knockdown prevents PHE-induced hypertrophy  

After knocking down NAP1L4 in normal NRVMs and PHE-treated NRVMs, the 

size of NRVMs decreased significantly in siRNA knockdown NRVMs compared with 

control (Lipo). Meanwhile, the cell size of PHE-treated NAP1L4 knockdowns decreased 

when compared to PHE-treated NRVMs (scrambled RNA was used as control and was 

similar to Lipo, data not shown) (Figure 2-2A). Meanwhile, with respect to the control 

(Lipo) group, cells in the PHE-treated group showed a marked increase in cell size, 

highlighting the effectiveness of agonist. However, following NAP1L4 knockdown, the 

cell size was not significantly increased compared to the control group (Figure 2-2B). 

The western blot of the NAP1L4 for different groups revealed that NAP1L4 

inhibition via siRNA was effective—we observed decreased expression level of NAP1L4 

in the siRNA knockdown group. Also, in the PHE-treated group, there was an increase 

of NAP1L4, indicating the potential function of NAP1L4 in the diseased condition (Figure 

2-2C). 

 

NAP1L4 knockdown inhibits fetal gene reprogramming 

The activity of the fetal gene program constituents were measured for all 

experimental groups. Comparing changes in gene expression between the PHE-treated 
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and control groups, trial natriuretic factor (ANF) transcript levels increased significantly. 

Conversely, sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) and α-myosin heavy 

chain (αMHC) transcription drastically decreased. The results show that the fetal gene 

program was activated during the PHE treatment. However, when first knocking down 

NAP1L4 from cells and then subsequently treating them with PHE, the expression of 

ANF, SERCA and αMHC exhibited a reversed trend compared to the just PHE-treated 

group. This validates the inhibition of the fetal gene reprogramming induced by NAP1L4 

knockdown (Figure 2-3).  

 

NAP1L4 overexpression increases cell size 

We first successfully overexpressed NAP1L4 in NRVMs (Figure 2-4A). At the 

same time, we compared the cell size of the control group, the GFP-control group, and 

NAP1L4 overexpression groups (Figure 2-4B-C). We found that the cell size of NAP1L4 

overexpressed groups was significantly increased compared to both control and GFP-

control groups, indicating the cell size increase may have been due to the 

overexpression of NAP1L4. 

 

Discussion 

NAP1L4 is a histone chaperone that has been identified by our lab to be up-

regulated in hypertrophic and failing mouse hearts compared to control mice using 

mass spectrometry (MS)16. After a 48h PHE treatment revealed an increase of NAP1L4 

consistent with the MS results, as confirmed by western blot. Furthermore, knockdown 

of NAP1L4 reversed the cell size increase induced by PHE treatment. At the same time, 
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NAP1L4 knockdown inhibited the fetal gene reprogramming—shown in hypertrophic or 

failing hearts—that could be induced by PHE treatment. Also, overexpression of 

NAP1L4 depicted an increase in the cell size of NRVMs relative to the GFP control. The 

culmination of these results supports the idea that NAP1L4 may have a cardioprotective 

role and could be a potential clinical target for the treatment of hypertrophy.  

In this study, we used NRVMs in lieu of adult cardiomyocytes because they are 

genetically manipulated readily and, to a certain degree, exhibit the hypertrophic 

signaling seen in adult cells. Adult cardiomyocytes, on the other hand, are difficult to 

transfect and are not conductive to time course studies due to dedifferentiation. Finally, 

the whole heart for this experiment could be confounded by the integration of non-

cardiomyocytes cells.   

The future directions for this study are to first understand the potential signal 

pathways and targets of NAP1L4. These could be achieved by sequencing the RNA for 

differentially expressed genes comparing the control group, PHE-treated group, 

NAP1L4 knockdown groups, both with and without PHE treatment. Chromatin 

immunoprecipitation sequencing (ChIP) or ChIP-qPCR could be utilized to find the 

possible targets of NAP1L4. Finally, applying our experimental workflow to adult 

cardiomyocytes and mouse model could confirm the function of NAP1L4, in vivo. 
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Figure 2-1. NAP1L4 knockdown workflow. Four experimental groups were
designed: Lipo/control group, NAP1L4 siRNA KD group, PHE-treated group, and
NAP1L4 KD with PHE treatment. Control cells were treated with Lipo only. The
agonist phenylephrine (10µM) was added to NRVMs at 48h in the timeline and
cells were harvested at 96h.



88 
 

 

A PHE Lipo

KD KD PHE

B
*

#*

N
or

m
al

iz
ed

 a
re

a

$#

0

1

2

3

Lipo PHE KD KD PHE

Cell size quantification

NAP1L4

H3

Lipo KD PHE KD PHE

17KDa

43KDa

C

Figure 2-2. NAP1L4 knockdown prevents PHE-induced cell size increase. A.
Bright-field images show representative NRVMs used for size quantification. B. Cell
sizes were quantified using 100 cells of each condition group (2 replicates). C.
Western blot (2 replicates) for NAP1L4 and H3 as the loading control was performed.
Scale bar: 50µm. Scrambled RNA was used as an additional control and was similar
to Lipo, data not shown. * P<0.05 vs Lipo; # P<0.05 vs PHE; $ P<0.05 vs KD



89 
 

 

 

 

 

 

 

*

0

2

4

6

8

Lipo PHE KD KD PHE

ANF

* #

R
el

at
iv

e 
m

R
N

A 
ex

pr
es

si
on

#

0

0.5

1

1.5

Lipo PHE KD KD PHE

SERCA

R
el

at
iv

e 
m

R
N

A 
ex

pr
es

si
on

*

* *#

0

5

10

15

Lipo PHE KD KD PHE

αMHC

R
el

at
iv

e 
m

R
N

A 
ex

pr
es

si
on

*

* #

* # $

R
el

at
iv

e 
m

R
N

A 
ex

pr
es

si
on

0

0.5

1

1.5

2

Lipo PHE KD KD PHE

βMHC

*

Figure 2-3. NAP1L4 knockdown prevents PHE-induced fetal gene reactivation.
Fetal genes ANF, SERCA, αMHC and βMHC were tested after NAP1L4 KD for 96h
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Chapter 3: The Role of Circular RNA in Cardiac  

Hypertrophy and Failure  

 

Introduction 

Non-coding RNAs are RNAs that do not translate into proteins. CircRNAs are an 

emerging type of non-coding RNAs that exhibit abundant, albeit tissue-specific 

expression. RNA sequencing data analysis of five different mouse tissues--including 

heart--showed that 20% of protein-coding genes produced circRNAs1. Unlike linear 

RNAs, circRNAs are formed through a process known as back-splicing, featuring a 

covalently joined loop structure which can be detected by divergent primers that face 

away from each other. The formation and function of circRNAs are still poorly 

understood. It has been shown that the RNA-binding protein QKI (protein quaking) 

could promote circRNA biogenesis during human epithelial-mesenchymal transition2. 

circRNAs can function as a microRNA sponge3, regulating transcription of 

corresponding linear forms of circRNAs4, and serving as a marker for diseases5. In the 

heart, only a few studies have revealed that circRNAs decoy microRNA and proteins, 

alter mRNA expression, or serve as biomarkers. The first circRNA detected in 

cardiovascular diseases is located in the antisense of INK locus (ANRIL) that correlated 

with INK/ARF expression and atherosclerotic risk6. The mechanisms by which circRNAs 

impact heart disease are not fully understood.  

In this study, we isolated cardiomyocytes from mice that underwent transverse 

aortic constriction (TAC), followed by Ribo-Zero RNA sequencing to obtain a landscape 

of circRNAs in the cardiomyocyte. Additionally, we sought to confirm the existence of 
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cardiac-related circRNAs using quantitative polymerase chain reaction (qPCR) and 

electrophoresis followed by Sanger sequencing. Finally, we continued our exploration 

into circRNAs by understanding the potential regulatory function of circMyocd through 

its linear counterpart. siRNA knockdown of circMyocd was performed and linear Myocd 

expression level was quantified.   

 

Materials and Methods 

Transverse aortic constriction and cardiomyocyte isolation 

All animals used in this study were approved by the University of California, Los 

Angeles (UCLA) and supported by the university Animal Research Committee. Six adult 

C57BL/6 male and female mice aged 8 weeks were randomly, but evenly dispersed into 

one of either the sham group or the TAC group. All mice underwent a similar procedure, 

but aortic clamps were only placed on the TAC group mice. The detailed procedures for 

TAC were previous described7 and carried out by our long-term collaborator Dr. Yibin 

Wang. Heart failure was confirmed by a cardiac function examination via 

echocardiogram and calculated heart-to-body weight ratios. After 4 weeks of surgery, all 

animals were treated with heparin to prevent blood coagulation, and subsequently 

sacrificed. Left ventricular cardiomyocytes were isolated using the Langendorff method8. 

Tyrode's solution with collagenase type-II and protease type-XIV was applied to the 

myocytes. Cells were successfully isolated at the level wherein overall cellular 

composition was over 95% cardiomyocytes9.  

 

Ribo-Zero RNA sequencing 
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Whole RNA was extracted from cardiomyocytes isolated from left ventricles by 

Qiagen RNeasy Mini Kit (Qiagen, 74104), following manufacturer instruction. Ribo-Zero 

RNA (Ribosomal RNA depletion) was obtained by Illumina Ribo-Zero rRNA Removal Kit 

(Illumina, MRZH11124). RNA-seq libraries were built by the UCLA Microarray Core 

facility and subsequently sequenced on an Illumina Hiseq 2000 by the UCLA Genetics 

Core facility. The condition for the RNA sequencing was set at 100 base pair, paired-

end and non-strand specific, as previously described9.  

 

Bioinformatics for mRNA sequencing and circRNAs detection 

After libraries were demultiplexed, fastq files for all 6 samples were obtained. For 

mRNA sequencing analysis, all reads were mapped to the mouse reference genome 

(mm10) using STAR10. SAMtools11 was subsequently applied for sorting and htseq-

count12 was used for counting the number of mRNA reads. The DESeq213 package was 

used for differentially expressed gene calculations, significance here set by p-values 

below 0.05. A gene set enrichment analysis (GSEA)14 was employed for gene pathways 

detection that based on ranking information of the differentially expressed genes not p-

value. 

For circular RNA detection, BWA-MEM15 was utilized to map each fastq file to the 

reference genome (mm10). CIRI v2.0.116 was then used for de novo circRNA detection 

by Perl. The coordinate for each circRNA found by CIRI was elucidated using a vertical 

bar '|' that indicates the back-spliced junction site for each circRNA (Figure 3-1). 

 

Primer design for mouse and rat genomes 
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For mouse genomes, primers for circular RNA were designed specifically to 

cover the back-spliced junctions. One exon on each side of the back-spliced junction 

was used for circRNA primer design (Figure 3-2). For verification, 3 forward primers (F1, 

F2, F3) and 3 reverse primers (R1, R2, R3) were designed, resulting in a total of 9 

primers for each circRNA (F1R1, F1R2, F1R3, F2R1, F2R2, F2R3, F3R1, F3R2, F3R3). 

Meanwhile, 2 linear primers were designed to examine the existence of the linear RNA 

(Figure 3-2, Table 3-1).   

The same method for generation of primers was used for circRNAs in rat 

genomes (Table 3-2). For the following qPCR experiments using NRVMs for circMyocd, 

we selected the F1 and R2 primers (Table 3-2). For qPCR experiments using NRVMs 

for linear Myocd, two sets of primers were applied. One primer set was designed based 

on the DNA sequencing that covered the linear Myocd but not the circMyocd. The other 

set of primer was revised from a previously published study17. The two linear Myocd 

primer sequences were as follow: linear Myocd_1: F: GGCTTTCCCCAGATCAGGCT; R: 

CCAGAGGAGCCTCAGTGGATT; linear Myocd_2: F: 

CAACTGTCACCTTTCCTGTCACG; R: CTACCAGCATCTTGTCCTTCTC. 

 

RNA extraction, qPCR, electrophoresis, and Sanger sequencing 

For mouse circRNA confirmation, RNA was extracted from mouse hearts using 

TRIzol (Thermo Fisher Scientific, 15596018), following manufacturer protocol. This was 

converted to cDNA by iScript cDNA Synthesis Kit (Bio-Rad, 170-8891). For each primer 

set, qPCR was performed using SsoFast EvaGreen Supermix (Bio-Rad, 172-5201).  
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Electrophoresis was done using 1% agarose gel for 30min at 120V for qPCR 

products. If there was only one clear band found at the targeted molecular weight of 

circRNAs, we selected one out of nine primers and submitted it Sanger sequencing at 

Laragen. We confirmed the existence of each circRNA if by ensuring the Laragen 

sequencing covered the back-spliced junction and that the signal for each nucleotide 

sequenced was distinct. 

 

circRNA knockdown 

Two circMyocd siRNAs against rat genomes were designed to target the back-

spliced junction from GE Healthcare Dharmacon. dTdT overhangs were added to 

circMyocd siRNA in order to enhance nuclease resistance under experimental 

condition18. RNase-free water was added to siRNAs to make the final concentration 

20µM. The two circMyocd sequences were as follow:  

1) Sense: 5' GGCUAUAAAAGUCUUACAGUUdTdT 3';  

Antisense: 5' AACUGUAAGACUUUUAUAGCCdTdT 3'.  

2) Sense: 5' AGGCUAUAAAAGUCUUACAGUdTdT 3';  

Antisense: 5' ACUGUAAGACUUUUAUAGCCUdTdT 3'.  

NRVMs were utilized for the knockdown experiment, which was performed using 

12.5µl of circMyocd siRNA in 0.5ml of Opti-MEM (Gibco, 31985070) combined with 15ul 

Lipofectamine™ RNAiMAX Transfection Reagent (Thermo fisher scientific, 13778075) 

in 0.5ml of Opti-MEM. The control experiment was performed similarly but without 

circMyocd siRNA. The siRNA Duplex was applied as a negative control (Qiagen, 

1027310). 
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Results 

mRNA analysis confirmed heart hypertrophy after TAC construction 

Principle component analyses of RNA-seq data clearly separated transcriptomes 

from TAC and control groups (data not shown). After analyzing the differential gene 

expression changes by DESeq2, there were 1688 genes that were significantly down-

regulated and 1728 genes that were significantly up-regulated in TAC conditions. Gene 

ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways 

indicated many cardiac related biological process and pathways. The GSEA analysis, 

which represented all differentially expressed genes, confirmed the presence of 

expression levels changing in genes related to cardiac diseases as a result of TAC 

stress (Figure 3-3).  

 

Cardiac-related circRNAs confirmation in mice and rat genome 

Based on the output of CIRI, a total of 941 circular RNAs were detected. We 

selected and confirmed 13 circRNAs by qPCR, electrophoresis, and Sanger sequencing 

including: circMyocd (chr11:65218529|65233184), circAtp5c1 

(chr2:10058996|10064311), circPpp2r3a (chr9:101125023|101153874), circZfp148 

(chr16:33421321|33434974) and 3 circRyr2 (chr13:11759671|11785141, 

chr13:11680966|11688013 and chr13:11769852|11785141) and 6 circTtn 

(chr2:76857904|76881839, chr2:76857904|76884197, chr2:76863274|76868085, 

chr2:76802231|76818816, chr2:76847388|76881839, chr2:76847388|76884197) 

(Figure 3-4). We concluded that certain positions on the genome may have higher 

chances of forming circRNAs such as Ttn at chr2:76857904 and Ryr2 at chr13: 
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11785141. Of particular note is the experimental support of the concept of cardiac-

related circular RNAs. Ttn (Titin) encodes a variety of proteins in the striated muscle. 

Ryr2 (Ryanodine Receptor 2) was found in cardiac muscle sarcoplasmic reticulum. 

Myocd (Myocardin) is expressed in the heart, aorta, and smooth muscle. For the rat 

genome, we confirmed 4 rat counterparts including 2 circRyr2, circZfp148 and 

circMyocd (Figure 3-5). 

 

Expression of circRNA for Myocardin was opposite the linear RNA counterpart 

To understand the potential function of circRNA, we selected circMyocd for the 

reasons that it was confirmed in both mouse and rat genomes, and that there exists a 

human homolog based on the genome sequencing information19, indicating 

conservation of circMyocd across species. Meanwhile, there was a decreasing trend of 

circMyocd in the TAC group when comparing the expression levels of sham and TAC 

conditions, posing a potential therapeutic target.  

We designed two siRNAs against circMyocd at the back-spliced junction site and 

confirmed the effectiveness of circMyocd knockdown in NRVMs by qPCR (Figure 3-6A-

C). Finally, we analyzed the expression level of linear Myocd using two different primers 

and found the expression level of the linear counterparts exhibited an increased trend, 

inverse to that of circMyocd (Figure 3-6D-G).  

 

Discussion 

In this study, Ribo-Zero RNA sequencing was used to examine the circular RNA 

transcriptome in the mouse heart and to examine changes during disease. 
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Echocardiography and mRNA analysis verified the heart failure condition in TAC mice. 

For the circRNA analysis, 941 circRNAs were found and 13 circRNAs including some 

cardiac-related circRNA were confirmed including circMyocd, 3 circRyr2 and 6 circTtn. 

Based the back-spliced junction coordinates of confirmed circRNAs, certain positions 

may have a higher chance of forming circRNAs and can produce different circRNAs. To 

understand the function of circRNA, we utilized rat cell model NRVMs and siRNA 

knockdown experiments for circMyocd. We found the expression of linear Myocd 

increase while the expression level of circMyocd was decreased. The negative 

correlation of linear and circular RNAs was also shown in previously research4. 

Meanwhile, other studies found that the expression level of linear and circular 

counterparts were independent of one another1, 20, suggesting that the characteristics of 

circRNAs are unique to certain degrees. 

Future directions for this study would encompass defining the function of 

circMyocd, particularly overexpressed circMyocd and cross-examine with the 

expression levels of linear Myocd to better confirm the potential negative correlation 

between circular and linear forms. At the same time, it would be interesting to analyze 

the protein levels of Myocd and the gene expression targets of the Myocd protein 

transcription factor activity after knockdown of circMyocd. Thus, we would have a more 

holistic understanding of the function of circMyocd. The designing of mouse models 

could further increase our understanding of the possible functions of circMyocd in vivo. 
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Figure 3-1. Ribo-Zero RNA-seq
workflow. RNA-seq was performed
for left ventricular cardiomyocytes
from 3 sham and 3 TAC mice. CIRI2
was used for circRNA detection and
DESeq2 was applied to find
differentially expressed circRNAs.

Sham (3 samples)
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TAC (3 samples)

Left ventricular cardiomyocytes

Ribo-Zero RNA-seq

BWA(Mapping)

CIRI2 (circRNA detection)

circRNA expression
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Figure 3-2. Schematic view of circRNA.
A. linear mRNA. The divergent primer for
circRNAs is shown. B. Junction read
covers the back-spliced junction.
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Figure 3-3. The gene expression profile generated by GSEA using the rank
information after control and TAC mice comparison. These two terms were
cardiac-related and among the top 50 GSEA results. The green line is the
enrichment profile indicates the density of genes in the sequencing data (top part
of the figure). Every line in the middle part represents a gene in the dataset. The
red bar revealed the gene were up-regulated under TAC condition and the blue
bar conveyed the genes in this region were down-regulated under TAC conditions.
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circTtn_chr2:76802231|76818816
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Figure 3-4. Electrophoresis of circRNAs in mouse genome after qPCR
amplification. For each circRNAs, 3 forward primers and 3 reverse primers were
designed and paired, resulting 9 primers set. 1 primer set for each of these 13
circRNAs was sent for Sanger sequencing and confirmed the existence.
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circMyocd_chr10:51724607|51739115
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Figure 3-5. Electrophoresis of circRNAs in rat genome after qPCR
amplification. For each circRNAs, 3 forward primers and 3 reverse primers were
designed and paired, resulting 9 primers set. 1 primer set for each of these 4
circRNAs was sent for Sanger sequencing and confirmed the existence.
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Figure 3-6. circMyocd and linear Myocd exhibited a negative correlation. A.
Two siRNAs targeting the circMyocd back-spliced junction were designed. The
red and green indicate the two exons that were spliced together. B-C. The
siRNAs worked for circMyocd knockdown. D-G. Linear Myocd were checked
using 2 different primers after circMyocd knockdowns. * P <0.05
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circMyocd_chr11:65218529
|65233184

F1 CGGCAGAAAGGTCCATTCCA R1 CCTGGGTCCTTCTCTGTTGA 

F2 CCACGGCAGAAAGGTCCAT R2 GCGGTATTAAGCCTTGGTTAGC

F3 GGTCCATTCCAACTGCTCAGA R3 TTAAGCCTTGGTTAGCCAGC

linear Myocd for  
circMyocd_chr11:65218529
|65233184

F1 CGGCAGAAAGGTCCATTCCA R1 ACGGAAGAATCCATCGGCAG

F2 CCACGGCAGAAAGGTCCAT R2 TCACGGAAGAATCCATCGGC

circTtn_chr2:76857904|768
81839

F1 AGGCTCCAAAGAAACCTGCT R1 GTGTAGTCCCCGCTGTCTTC

F2 CCAGAGGCTCCAAAGAAACCT R2 CGCTGTCTTCCACACTGAGA

F3 GCTCCAAAGAAACCTGCTCC R3 CACCGAGTCCTCGAATGACA

linear Ttn for  
circTtn_chr2:76857904|768
81839

F1 GGCGGGTCTCCAGAAATCAA R1 GTGTAGTCCCCGCTGTCTTC

F2 CGGATCGTGAAGCAGGATGA R2 CGCTGTCTTCCACACTGAGA

circTtn_chr2:76857904|768
84197

F1 AGGCTCCAAAGAAACCTGCT R1 AAGAGTCCTTTCCAGCCACG

F2 CCAGAGGCTCCAAAGAAACCT R2 TTGGCTACTTTGAGCACCGT

F3 GCTCCAAAGAAACCTGCTCC R3 GTTGCTCGCGTAGCAGGTAT

linear Ttn for  
circTtn_chr2:76857904|768
84197

F1 ACGGTGCTCAAAGTAGCCAA R1 AAGAGTCCTTTCCAGCCACG

F2 TAACCGTGAGATTCGCCCTG R2 TTGGCTACTTTGAGCACCGT

circTtn_chr2:76863274|768
68085

F1 GCCTTGGGAAGAGCCCTATG R1 TTTGGTTGTTAAGTACAGTTCCGC

F2 CGGAACCATACACAGAGCCA R2 TTGGTTGTTAAGTACAGTTCCGC

F3 ACGAGAGGAAGCAGTCTACG R3 GTTAAGTACAGTTCCGCTGTGC

linear Ttn for  
circTtn_chr2:76863274|768
68085

F1 GCCTTGGGAAGAGCCCTATG R1 CCATTCCTCGTGGACTTGCT

F2 CGGAACCATACACAGAGCCA R2 TTCCCACTCTTCCTCCCCTT

circTtn_chr2:76802231|768
18816

F1 ACCCCCGGTTGAGTTCACTA R1 CACCACCTCTTCCTTTGGCT

F2 TTGAGGACCAGACGGTCGAA R2 AGCACCACCTCTTCCTTTGG

F3 CCTCTTGAGGACCAGACGGT R3 CGCTTTTCAGCACCACCTCT

circTtn_chr2:76847388|768
81839

F1 TGCCAGAAGTGCCGAAGAAA R1 GTGTAGTCCCCGCTGTCTTC

F2 GCCAGAAGTGCCGAAGAAAC R2 CGCTGTCTTCCACACTGAGA

F3 CCGAAGAAACCTGTGCCTGA R3 CACCGAGTCCTCGAATGACA 

circTtn_chr2:76847388|768
84197

F1 TGCCAGAAGTGCCGAAGAAA R1 AAGAGTCCTTTCCAGCCACG

F2 GCCAGAAGTGCCGAAGAAAC R2 TTGGCTACTTTGAGCACCGT

F3 CCGAAGAAACCTGTGCCTGA R3 GATCGGTGCTGTTCCAGTGA

circRyr2_chr13:11759671|1
1785141

F1 AGGGCAATGAACACTACGGG R1 GGGTTTCAAGCGACATCTGC

F2 CAATGAACACTACGGGCGCT R2 TGAGGGTTTCAAGCGACATCT

F3 GCACCAGGGCAATGAACAC R3 GGTTTCAAGCGACATCTGCAA

linear Ryr2 for  
circRyr2_chr13:11759671|1
1785141

F1 AGGGCAATGAACACTACGGG R1 CAGGATCTCGCCGTTCAGAG

F2 CAATGAACACTACGGGCGCT R2 TCGCCGTTCAGAGTGAACAT

Table 3-1. Primers for circular and linear RNA confirmation in mouse genome
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circRyr2_chr13:11680966|1
1688013

F1 TCAAAAACCACCGCCTGTACT R1 GGAACTTGAAGATGTCTTGGGC

F2 ATTTCAAAAACCACCGCCTGT R2 GGCTTTTTCTCTGTCCTTGGC

F3 CCACCGCCTGTACTTCTTGT R3 ACCACTGATCTGTAGGAACTTGA

linear Ryr2 for  
circRyr2_chr13:11680966|1
1688013

F1 TCAAAAACCACCGCCTGTACT R1 TTGGATGCATGTCCTCCAGTG

F2 ATTTCAAAAACCACCGCCTGT R2 GGATGCATGTCCTCCAGTGC

circRyr2_chr13:11769852|1
1785141

F1 TCGTCTCGTCCCCTACACTC R1 GGGTTTCAAGCGACATCTGC

F2 AAGAAACCCTCGTCTCGTC R2 TGAGGGTTTCAAGCGACATCT

F3 CGTCCCCTACACTCTTCTGG R3 GGTTTCAAGCGACATCTGCAA

linear Ryr2 for  
circRyr2_chr13:11769852|1
1785141

F1 TCGTCTCGTCCCCTACACTC R1 CTTCCAGGTGGTAGCCGTAG

F2 AAGAAACCCTCGTCTCGTC R2 TGATCAGGAGCTTCCAGGTG

circAtp5c1_chr2:10058996|
10064311

F1 CTTGACTTTCAACCGCACCC R1 TGAGGGCAGCCACTTCATTC

F2 GACCTTGACTTTCAACCGCAC R2 GAGGGCAGCCACTTCATTCT

F3 TTGACCTTGACTTTCAACCGC R3 ATAGCACCACAAAGCCCTCT

linear Atp5c1 for  
circAtp5c1_chr2:10058996|
10064311

F1 CTTGACTTTCAACCGCACCC R1 CAGCAGCCCCAGAGATGATT

F2 GACCTTGACTTTCAACCGCAC R2 CAGCAGCCCCAGAGATGATTT

circPpp2r3a_chr9:1011250
23|101153874

F1 GAGCCATCTGACTGGGACAG R1 ACTCCAAGATCTGTTGACTGTG

F2 GCCCTGAGCCATCTGACTG R2 CACTCCAAGATCTGTTGACTGTGT

F3 TGACTGGGACAGATTTGCGG R3 TCCAAGATCTGTTGACTGTGTAGA
A

linear Ppp2r3afor  
circPpp2r3a_chr9:1011250
23|101153874

F1 GAGCCATCTGACTGGGACAG R1 TTCTTGGAGCTGAACCTGGG

F2 GCCCTGAGCCATCTGACTG R2 GGGCAGACTCCTCAGTTACG

circZfp148_chr16:3342132
1|33434974

F1 CAGTCTTCCAGGGCAATGGT R1 ATGTGTCAGGTATAAGCCCATCC

F2 CGGCATAGACGAAATGCAG R2 TGTGTCAGGTATAAGCCCATCC

F3 CGAAGTTTGCCTCACCAGGA R3 AAAATGTGTCAGGTATAAGCCCA

linear Zfp148for  
circZfp148_chr16:3342132
1|33434974

F1 CAGTCTTCCAGGGCAATGGT R1 TGCATACTGCAGTCCTTGGG

F2 CGGCATAGACGAAATGCAG R2 TCGTCTGCAGCAAGGATCTC

Table 3-1. Primers for circular and linear RNA confirmation in mouse genome-
continued



110 
 

 

 

 

 

Table 3-2. Primers for circular and linear RNA confirmation in rat genome

circMyocd_chr10:51724607
|51739115

F1 CTCCACGGCAGAAAGATCCA R1 TTGGTTAGCCAGCTGCTCC

F2 ATGAAGCTGAAGAGAGCCCG R2 GTATTAAGCCTTGGTTAGCCAGC

F3 ACGAGAAGATTGCTCTCCGC R3 CTGCTCCTGGGTCCTTCTCT

linear Myocd for  
circMyocd_chr10:51724607
|51739115

F1 CTCCACGGCAGAAAGATCCA R1 GCGGAGAGCAATCTTCTCGT

F2 ATGAAGCTGAAGAGAGCCCG R2 TTCTCCACCAGTTCCAAGGG

circZfp148_chr11:7058497
4|70570814

F1 CAGTCTTCCAGGGCAATGGT R1 CCATCCCGCCAGATCACTTG

F2 TGTGGCGGCATAGACGAAAT R2 CATCCCGCCAGATCACTTGG

F3 CGAAGTTTGCCTCACCAGGA R3 CCGCCAGATCACTTGGCTA

linear Zfp148for  
circZfp148_chr11:7058497
4|70570814

F1 CAGTCTTCCAGGGCAATGGT R1 AAGCGCATACTGCAGTCCTT

F2 TGTGGCGGCATAGACGAAAT R2 ACCATTGCCCTGGAAGACTG

circRyr2_chr17:65735987|
65781009

F1 TGAACACTACGGGCGTTCTT R1 GTAGTTGCGTTCCTGTTCCG

F2 GTGGGCTGCATGGTTGATATG R2 GCAAATTGTAGTTGCGTTCCTG

F3 AATGAACACTACGGGCGTTCT R3 CTGCAAATTGTAGTTGCGTTCC

linear Ryr2 for  
circRyr2_chr17:65735987|
65781009

F1 TGAACACTACGGGCGTTCTT R1 CATCCAGCAGGATCTCACCG

F2 GTGGGCTGCATGGTTGATATG R2 CAGCTCGGAGCCTGAGTCAT

circRyr2_chr17:65750062|
65781009

F1 ACAGGAGAAACCCTCGTCTG R1 GTAGTTGCGTTCCTGTTCCG

F2 GGAGAAACCCTCGTCTGGTTC R2 GCAAATTGTAGTTGCGTTCCTG

F3 TCGTCTGGTTCCCTACACTC R3 CTGCAAATTGTAGTTGCGTTCC

linear Ryr2 for  
circRyr2_chr17:65750062|
65781009

F1 ACAGGAGAAACCCTCGTCTG R1 GCTTCCAGGTGGTAGCCGTA

F2 GGAGAAACCCTCGTCTGGTTC R2 CTCGGAGACTGTCTTTGTTGGA

Table 3-2. Primers for circular and linear RNA in rat genome. Rat circMyocd
(chr10:51724607|51739115) is the counterpart of mouse circMyocd
(chr11:65218529|65233184) ; Rat circZfp148 (chr11:70584974|670570814) is the
counterpart of mouse circZfp148 (chr16:33421321|33434974) ; Rat circRyr2
(chr17:65735987|65781009) is the counterpart of mouse circRyr2
(chr13:11759671|11785141) ; Rat circRyr2 (chr17:65750062|65781009) is the
counterpart of mouse circRyr2 (chr13:11769852|11785141) .
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Chapter 4: Genome-wide DNA Methylation Analysis of Cardiac Surgery Patients 

 

Abstract 

DNA methylation is a stable, but selectively variable, epigenetic modification that 

can affect gene expression and chromatin structure and whose role in cardiovascular 

disease is not yet fully understood. Cardiovascular diseases account for 31% of all 

global deaths and many of these diseases require patients to undergo surgery. One of 

the more common side effects of cardiac surgery is the onset of post-operative atrial 

fibrillation (POAF). With approximately 30% of cardiac surgery patients receiving atrial 

fibrillation diagnoses, the pervasiveness of this condition is far-reaching. Complications 

arising from atrial fibrillation entail longer hospital stays, steeper medical expenses, 

lower rates of five-year survivorship, and an increased probability of dangerous 

comorbidities such as heart failure or stroke1, 2. We utilized reduced representation 

bisulfite sequencing (RRBS), a genome-wide DNA methylation sequencing method, to 

sequence the pre- and post-operative peripheral blood samples of 101 patients who 

underwent coronary artery bypass grafting (CABG) with or without valve replacement. 

RRBS selectively measures CpG sites around genes, or primary cytosine-phosphate-

guanine sequences on the same strand, the genomic sites known to be particularly 

susceptible to methylation. We sought to establish the potential DNA methylation 

biomarkers by first determining pre- and post-operative CpG methylation variability, with 

the eventual goal of identifying methylation sites with POAF predictive properties. 

Through a paired t-test, we found 3,180 hypervariable CpG sites, 303 of which are 

located in promoter region and 2364 of which are located in the gene body region, 
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respectively. These CpG sites are associated with genes enriched in development, 

cellular adhesion and the immune and cardiovascular systems. Among the 

hypervariable CpG sites, transforming growth factor beta 1 (TGF-β1) and those in the 

integrin family were most promising because of their relationship with the immune and 

cardiac systems. Through the use of logistic regression analyses, certain CpG sites 

were found to potentially demonstrate the predictive ability of POAF including the CpG 

site associated with TGF-β1.  

 

Introduction 

DNA methylation is a stable and long-term epigenetic modification that operates 

not by altering the actual sequence of DNA itself, but by covalently transferring a methyl 

group (—CH3) to a nucleotide. Cytosine methylation--the most prevalent variant of 

methylation—is done by adding a methyl group to the fifth-positioned carbon of a 

cytosine ring, resulting in 5-methylcytosine (5-mC). This process modifies chromatin 

structure and gene expression. DNA methylation in promoter region has long been 

recognized as a gene silencing marker because of its role repelling and/or preventing 

transcriptional machinery from connecting to DNA3. However, the precise function of 

methylation in other genomic regions remains unclear, including methylation found in 

the gene body region that positively correlates with gene expression4. Unlike other 

epigenetic markers, methylation aids in the development of local heterochromatin5.  

Although generally stable, DNA methylation is not completely static, and changes 

in the methylome have implications for human diseases6. Recent studies show that 

DNA methylation alterations occur during the progression of various pathological heart 
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diseases and can be used as biomarkers7-9. Chen et al indicated that after treating two 

different mouse strains with isoproterenol, one of which was susceptible to isoproterenol 

and one of which was resistant to it, the differentially methylated fragments were close 

to genes involved in heart disease associated function for the sensitive strain while 

involved in cardiac muscle contractility for the resistant strain8. Meder et al 

demonstrated that there are distinct, differentially methylated CpGs conserved between 

left ventricular tissue and peripheral blood in patients suffering from dilated 

cardiomyopathy. These conserved CpGs are enriched mostly in cell adhesion9. 

However, these studies have relatively small sample sizes and were performed using 

control and experimental groups, rather than within the same patient. Furthermore, 

neither of these studies attempted to elucidate the DNA methylation adaptations that 

occur as a result of surgical treatments to heart disease, such as CABG or valve 

replacement. Some of these DNA methylation changes can be interpreted as potential 

biomarkers for POAF rendering improvements in treating the commensurate condition. 

 In this study, we used a human cohort of patients who underwent CABG with or 

without valve replacement. For each enrolled patient, we acquired clinical and 

demographic information, then utilized genome-wide DNA methylation sequencing on 

both pre- and post-operative peripheral blood samples. Hypervariable CpG sites and 

their associated genes were used to generate a post-operative landscape of DNA 

methylation changes at a single base pair resolution, with the purpose of isolating 

potential markers for atrial fibrillation.  

 

Material and Methods 
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Patient enrollment  

Our study was approved by the UCLA Institutional Review Board (IRB). We 

obtained written, informed consent from all participants for the usage of their clinical and 

demographic data, as well as molecular analyses of pre- and post-operative peripheral 

blood samples. The study is still ongoing and we are concurrently enrolling patients that 

undergo CABG with or without valve replacement at UCLA. Clinical data obtained 

includes information about age, sex, surgery specifications. The present of paroxysmal 

atrial fibrillation (PAF) and POAF were acquired from the electronic medical records. A 

survey was conducted to obtain patients’ smoking histories and ethnicities. For this 

project, we analyzed a total of 101 patients’ data (Table 4-1).  

 

Peripheral blood processing 

For each patient, two blood draws were collected, one pre-operative and the 

other one 24 hours post-operative. Genomic DNA was extracted from 200ul of blood 

using the PureLink Genomic DNA Mini Kit (Invitrogen, K1820-02) and according to the 

manufacturer’s instructions. The purified Genomic DNA was stored at -20 °C.  

 

Reduced representation bisulfite sequencing 

The method was modified from the lab of Dr. Matteo Pellegrini10. Genomic DNA 

was digested with Mspl (NEB, R0106S) overnight in a 37 °C water bath. Digested DNA 

was purified by AMPure beads (Beckman Coulter, A63880). DNA end-repair and 

adenylation reaction contain the purified DNA, NEB buffer 2 (NEB, B7002S), Klenow 

fragment DNA exo (NEB, M0212S) and a dNTP mixture consisting of dGTP (NEB, 
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N0446S), dMeCTP (NEB, N0356S), dATP (NEB, N0446S). The reaction was then 

purified by AMPure beads. For the adapter ligation, TruSeq Illumina Adapters (Illumina, 

15041757) were used with the purified DNA, quick ligation reaction buffer (NEB, 

M2200L) and quick ligase (NEB, M2200L). After AMPure purification and size selection, 

bisulfite conversion was performed with the EpiTech Fast Bisulfite Kit (Qiagen, 59824). 

PCR amplification was applied by MyTaq Mix (Bioline, Bio-25041) and Illumina Truseq 

PCR primer cocktail (Illumina, 15041757), followed by AMPure bead purification. DNA 

was then quantified using a Qubit fluorometer and run through 1% agarose gel. DNA 

fragments in the library were about 300-400bp. The DNA was then sent to the UCLA 

Genetics Core facility (lab of Dr. Matteo Pellegrini) for sequencing. The sequencing 

condition was 100bp, single-end and performed using Illumina HiSeq 2000 with 8 

lanes/flow cell. 

 

Alignment 

The alignment procedure was modified from our lab’s previous publication8. The 

reads were aligned to the human genome version hg38 and methylation calling was 

performed using BS-seeker211. Since DNA methylation mostly occurs in the CpG 

context, we chose the CGmap file (details for C/G) generated after methylation call from 

BS-seeker2 and only focused on cytosine in CG dinucleotide context. We set the 

cytosine coverage cutoff at 10 to focus on more replicable fragments. The methylation 

level of the cytosine was calculated by the number of methylated cytosines to the total 

number of cytosines. 
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DNA methylation dataset 

DNA methylation distribution was found using the R package Genomation12 for 

different regions including: promoters, exons, introns, intergenic regions, CpG islands, 

CpG island shores and other region (excluding CpG island and CpG shore). Promoter 

region here is defined as 1.5kb upstream to 0.5kb downstream of the transcription start 

site. CpG island shore is defined as the region 2kb upstream and downstream of CpG 

island. The overall genome region is based on hg38 reference genome. All CpG is the 

region that selected from hg38 reference genome with the “CG” context. Measured CpG 

includes all the CpG measured in the study that covered by the RRBS libraries. In the 

event of regions overlapping among promoter, exonic, intronic and intergenic regions, 

the priority is defined as promoter > exon > intron > intergenic region. 

Analyses of surgical differences versus genetics and environmental differences 

were performed in R on two randomly chosen patients (Patient A and Patient B). The p-

value was obtained by a proportion test. Q-value was acquired by p-value adjustments 

made in R for multiple comparisons. Q-value for significance was set at 0.01. 

 

Differential methylation analysis 

Differential methylation analysis was performed using the RnBeads13 package in 

R. For the preprocessing section, the CGmap files for 101 patients were first converted 

into “bismarkCov” format and imported into RnBeads. A total of 5,450,449 methylation 

sites were mapped to the hg38 reference genome. 4,204,611 methylation sites were 

retained after merging methylation information for both strands for each CpG. We 

filtered 28,566 SNP-enriched sites, 215 high coverage outlier sites and 3,739,781 sites 
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that do not present in all samples. 436,049 CpG sites were kept for the following 

analysis. Principal component analysis (PCA) was taken for all retained CpG sites 

(436,049 CpG sites), the retained CpG sites in the promoter region and gene body 

region. 

A paired t-test was performed for the remaining 436,049 CpG sites. 

Hypervariable CpG sites were defined as those presenting a difference of the average 

methylation level larger than 10% between the pre- and post-operative states across all 

patients, with p-value being less than 10-5. Heatmaps for the hypervariable CpG sites in 

promoter and gene body regions were generated using the pheatmap package in R with 

added annotations of the clinical and demographic information including: age, sex, 

surgery specification, PAF, POAF, smoking history, and ethnicity. Gene ontology (GO) 

and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway were applied to the 

hypervariable CpG sites—in either hypo- or hypermethylated states—using the R 

package GOstats14 for both promoter and gene body regions. The CpG sites were 

visualized in the UCSC genome with a custom track by uploading a bedgraph format file. 

An unpaired t-test was applied for hypervariable CpG sites based on various 

demographical categories, including: age (≥ 60 years or < 60 years), sex, PAF, and 

valve surgery condition. P-value cutoff was set at 0.05. GO and KEGG pathway 

analyses were applied for the significant CpG sites as described above. We excluded: 

smoking history because there was not enough data; PAF since the data was 

asymmetric; and ethnicity because of the data dispersion. 

 

Prediction analysis 
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Logistic regression was selected for the prediction of POAF in R. Age, sex, PAF 

condition and valve surgery condition were used as variables. Then, hypervariable CpG 

sites were implemented into the logistic model one-by-one with the four variables 

described. GO and KEGG pathway analysis for the significant CpG sites were 

performed. Additionally, penalized logistic regression model was built for all 

hypervariable CpG sites in promoter and gene body regions separately. P-value cutoff 

was set at 0.05. 

 

Results 

DNA methylation of CpG sites measured by RRBS  

Measurement of genome-wide DNA methylation with single-based resolution was 

performed by RRBS using the methylation-insensitive restriction enzyme MspI. MspI 

digests the genomic DNA by recognizing and cutting C^CGG sites, resulting in the 

enrichment of genome areas containing a high CpG content (Figure 4-1). When 

comparing the CpG composition of promoter, exon, intron, and intergenic regions 

(Figure 4-1A-C), there was a clear increasing trend of CpGs in the promoter and exon 

regions that is consistent with previous literature15. Furthermore, our RRBS libraries 

were highly enriched for CpG islands and CpG island shores both of which influence 

transcription16, providing an insightful landscape for dinucleotide CpG measurement 

(Figure 4-1D-F). Overall, the sequencing data was a strong source for investigating the 

DNA methylation of CpGs and related genes.  

In terms of DNA methylation levels at global scale, our data exhibited a bimodal 

distribution for all CpG sites measured, and retained selected CpG sites after filtering for 
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defined parameters (Figure 4-2). These results were consistent with previous human 

and mouse studies using microarray and RRBS8, 17, 18, confirming the practical viability 

of our dataset. 

 

Genetics and environmental differences are stronger than surgical differences in 

human epigenomes 

Two patients (patient A and patient B) were randomly selected from our 101-

patient cohorts. For each CpG site measured in pre- and post-operative peripheral 

blood samples within both patients A and B, a proportional comparison test was 

performed with p-value adjustments for surgical variances, here considered an surgical 

differences. Patient genotypic and environmental differences between patients A and B 

were calculated for pre-operative peripheral blood samples using above method. The 

percentage of CpG sites with a significant q-value <0.01 was 0.2673% for genetics and 

environmental differences, comparing pre-operative samples of patients A and B. While 

for surgical differences, the percentages were 0.0019% (the pre- and post-operative 

samples of patient A) and 0.0001% (the pre- and post-operative samples of patient B). 

Apparently, there was a greater percentage of CpG sites showing significant variation 

for genetics and environmental differences than there were for surgical ones (Figure 4-

3). These results indicate that both surgical, genetics and environmental changes 

influenced the human epigenome, with genetics and environmental variations 

accounting for a greater change. Therefore, it became pertinent to explore the potential 

effects of surgical changes, such as cardiac surgery, in our study on the landscape of 

DNA methylation. 
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Differential DNA methylation analysis as induced by cardiac surgery  

To obtain a view of the DNA methylome at CpG sites, PCA analyses were 

applied to all retained CpG sites, the retained CpG sites in promoter and in gene body 

regions. From these scatterplots, a clear division of pre- and post-operative samples is 

shown for all three scenarios, indicating DNA methylation changes within cardiac 

surgery (Figure 4-4). At the same time, a visualization of any CpG site’s methylation 

level difference between the pre- and post-operative conditions could be uploaded to 

the UCSC genome browser as a custom track, providing an interactive view window 

(Figure 4-5). 

Of the 436,049 retained CpG sites, a total of 3,180 CpG sites were considered 

hypervariable (Figure 4-6). 303 of the hypervariable CpG sites were in promoter region 

whereas 2,364 of them were in gene body region. Of the 303 CpG sites in promoter 

region, 186 were hypo-methylated and the remaining 117 CpG sites were hyper-

methylated in the post-operative state. Of the 2,364 hypervariable CpG sites in the gene 

body region, 1,620 of them were hypo-methylated post-operatively and 744 CpG sites 

were hyper-methylated. 

 

Hypervariable CpG sites are mostly enriched in the immune system 

In order to elucidate the potential pathways and biological processes influenced 

by these hypervariable CpG sites, GO and KEGG pathway analyses were performed. 

The following four groups were treated as inputs: genes associated with the hypo-

methylated CpG sites in the promoter region; genes associated with the hyper-
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methylated CpG sites in the promoter region; genes associated with the hypo-

methylated CpG sites in the gene body region; and genes associated with the hyper-

methylated CpG sites in the gene body region. For each group, the potential pathways 

and biological processes were generated by hypergeometric tests and selected for p-

values < 0.05. Only the top 15 terms, as sorted by p-value, were visualized (Figure 4-7, 

Figure 4-8). Most of the terms in the GO and KEGG pathways were related to the 

immune system such as the terms related to T-cells or lymphocytes. Some of them 

were involved in cellular adhesion pathways already known to be involved in 

differentially methylated CpG sites of both ventricular tissue and blood9. Additionally, we 

observed matches for related metabolic and cardiac-related pathways such as 

hypertrophic cardiomyopathy (HCM) and arrhythmogenic right ventricular 

cardiomyopathy (ARVC). 

 

Hypervariable CpG sites for patient group separation 

Heatmaps were drawn to understand the distribution of hypervariable CpG sites 

for all 101 patients in promoter and gene body regions. According to Figure 4-9, the 

patients may be subdivided into different groups based on the different methylation 

patterns depicted. Annotations for clinical and demographic data were added to the 

heatmaps including age, sex, ethnicity, smoker history, valve surgery condition and 

POAF condition. We sought to define a connection between the demographic variables 

and the observed changes in methylation. However, no significant correlation was 

determined. Potentially, the compounding of difference demographic variables was 
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cause for methylation for methylation change variability at a level higher than any one 

variable itself.  

We next analyzed CpG hypervariability with relation to select demographical data 

listed above, here being age, sex, POAF status and surgery type. T-tests were applied 

to each of these four groups to compare the differences in hypervariable CpG sites in 

promoter and gene body regions, respectively. The significant p-value was set at 0.05. 

GO and KEGG pathway analyses were subsequently performed for the genes 

associated with the significant CpG sites in the promoter and gene body regions. For 

the group based on age, 30 hypervariable CpG sites in promoter region and 280 

hypervariable CpG sites in the gene body region were found to be significant. The 

pathways and biological process involved in the associated genes were mostly enriched 

in the immune system, cell adhesion and development (Figure 4-10). For the second 

group divided by POAF, 27 hypervariable CpG sites in the gene body region were 

significant and mostly enriched in cardiac-related and synthesis terms (Figure 4-11). For 

the groups separated based on sex, 3 hypervariable CpG sites in promoter region and 

36 CpG sites in gene body region were chosen. The GO and KEGG pathway showed 

mostly metabolism and immune system biological process and pathways (Figure 4-12). 

The last group was divided by valve surgery condition. There were 30 and 259 

significant hypervariable CpG sites in promoter and gene body regions respectively. 

Cardiovascular related and immune system pathways and biological process were 

enriched for the GO and KEGG pathway analysis (Figure 4-13). 
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TNF-beta and Integrin family might genes be good candidates for differentially 

methylation and patient group separation 

Certain cardiovascular pathways from the previous results of GO and KEGG 

pathway analyses were highly distinguished in differential methylation and patient group 

separation analyses (Table 4-2). Thus, we looked into the input genes associated with 

significantly hypervariable CpGs in each analysis condition. TGF-β1 was involved in 

almost all of these cardiovascular queries, and it displayed a distinct difference when 

comparing the CpG site related to TGF-β1 for the pre- and post-operative states, in the 

valve surgery and POAF conditions (Figure 4-14). Connections were also identified 

between specific integrin family members include  integrin subunit beta 7 (ITGB7), 

integrin subunit alpha 9 (ITGA9) and integrin subunit alpha 11 (ITGA11), and specific 

query terms, including hypertrophic cardiomyopathy (HCM), arrhythmogenic right 

ventricular cardiomyopathy (ARVC), and dilated cardiomyopathy. The significantly 

hypervariable CpG sites associated with TGF-β1 and integrin family genes could serve 

as potential the biomarkers for cardiovascular surgery.  

 

Prediction of post-operative atrial fibrillation  

Logistic regression was applied to measure the potential variables that may 

influence the incident of POAF. First, we input the clinical and demographic variables 

into the model. With the p-value cutoff set at 0.05, only age was shown to potentially 

affect POAF occurrence (Table 4-3).  

Hypervariable CpG sites were then put into the regression model one-by-one 

with the clinical and demographic variables. Based on the p-value, 2 hypervariable CpG 
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sites in promoter region and 39 hypervariable CpG sites in gene body region were 

found significant including the CpG site associated with TGF-β1. Another CpG site that 

associated with PR domain zinc finger protein 1 (PRDM1) was found to be significant as 

well as in previous group separation for the valve surgery condition (Table 4-2). GO and 

KEGG pathway analyses were performed and the most significant results were related 

to development and cellular adhesion (Figure 4-15). 

 

Discussion 

In this study, we utilized a human cohort of 101 patients undergoing CABG with 

or without valve replacement surgery to identify potential biomarkers for POAF as a 

result of surgical stress. To achieve this, we used RRBS, a genome-wide methylation 

sequencing method, to analyze patient pre- and post-operative peripheral blood 

samples. Meanwhile, a t-test was conducted for patient group comparison in key 

demographics, including age, sex, POAF, and valve surgery condition. Additionally, we 

applied logistic regression analyses for POAF. The results indicated that most of 

hypervariable CpG sites were related to concern with the immune system, metabolism, 

cellular adhesion, and a myriad of cardiac-related biological processes. In our patient 

group analysis, we found that many of the significant hypervariable CpG sites pertaining 

to cardiovascular terms were enriched in POAF and valve surgery conditions. After 

looking into the cardiovascular term genes associated with significant CpG, we 

identified TGF-β1 and integrin family as being extensively variable. 

TGF-β1 could be the bridge between the immune and cardiac systems. TGF-β1, 

a ubiquitously expressed pleiotropic cytokine and most prevalent TGF family member, is 
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associated with a wide variety of molecular functions including proliferation, cellular 

differentiation, fibrosis, cardiac remodeling and immune response. It can be secreted by 

most immune cells19 and is represented in a wide variety of pathways such as IL-2-

dependent T-lymphocyte differentiation and proliferation, B-cell differentiation, 

macrophage deactivation, decreased reactive oxygen generation, and monocyte 

chemotaxis20. TGF-β1 has long-known relations to atrial fibrillation and other cardiac-

related diseases20-24. It acts as a direct downstream mediator of angiotensin II25 and 

subsequently transduces fibrosis signaling pathways, a hallmark characteristic for atrial 

fibrillation26. Selective atrial fibrosis induced by the overexpression of active TGF-β1 in 

transgenic mouse hearts with normal ventricular function and structure exhibited 

increased chances of atrial fibrillation24. Meanwhile, Pirfenidone, an antifibrotic drug, 

reduced the incidence of atrial fibrillation in canine with a decreased level of TGF-β1 

expression27. Thus, TGF-β1 may act as an intermediate for communication between 

cardiac and immune systems. 

Integrins are a group of heterodimeric transmembrane receptor proteins that 

perform signal transduction involved in cell cycle regulation, proliferation, and 

differentiation, as well as to aid in the adhesion of cells to the extracellular matrix 

(ECM)28. In the immune system, integrins are cardinal molecules in facilitating 

adhesion29 whereas in the cardiac system, integrins transmit hypertrophic signaling30 

and play a role cardiac fibrosis31. Interestingly, integrins can bind and promote the 

function of TGF-β1. Targeting integrins attenuated organ fibrosis by regulating TGF-

β132-34, providing a potential mechanism for drug application. Further study opportunities 
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lie in elucidating the manners in which integrin family genes and TGF-β1 may work 

together to facilitate crosstalk between the immune and cardiovascular systems. 

Meanwhile, logistic regression analyses were applied to the hypervariable CpG 

sites. When calculating the clinical and demographic variables for the predictive ability 

of POAF, only age was significant, indicating that age may influence the incidence of 

POAF. Meanwhile, each hypervariable CpG sites was input into the model as well as 

age, sex, valve surgery and PAF conditions. Gene enrichment calculations for the 

significant hypervariable CpG sites revealed a concentration for genes associated with 

immune system, development, and cellular adhesion. It was noteworthy that the CpG 

site associated with TGF-β1 was also in the significant CpG site list for the logistic 

regression, further demonstrating its potential predictive capacity. Another CpG site 

associated with PRDM1 may also have certain prediction power for POAF. PRDM1, 

also called B lymphocyte induced maturation protein 1 (BLIMP-1), is a transcription 

factor that represses the beta-interferon expression and mediates B-cell as well as T-

cell differentiation35, 36. Additionally, PRDM1 contributes to the heart morphogenesis37.  

We also performed the penalized logistic regression with lasso and elastic net 

using all the hypervariable CpG sites in the promoter and gene body regions separately. 

The results did not show any significant CpG sites with the lambda calculated by cross-

validation, indicating the need to increase patient number (data not shown). 

A limitation of this study is the volume of patients enrolled, though we are actively 

recruiting more patients for the project. Another concern for the study is that part of the 

hypervariable CpG sites between the pre- and post-operative samples may cause by 

the cardiac surgeries. Due to the physical stress of surgery on the heart, the immune 
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system may response with cell type-specific alterations, ultimately impacting the DNA 

methylome, a phenomenon of great interest to our lab and one for which we are 

currently designing novel analyses. One solution for this is to look at the cell type-

specific DNA methylation patterns for the prediction and this study is also undergoing in 

our lab.  
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Figure 4-1. Global distribution of DNA methylation. A-C. CpG sites were
categorized based on their positions in the genome namely promoter, exon, intron,
and intergenic regions. There is an enrichment of the promoter and exon regions in
RRBS. D-F. CpG sites were subdivided into CpG islands, CpG island shores, and
other. The measurement had a high portion of CpG sites in the island and island
shore regions. Promoters were here defined as 1.5kb upstream and 0.5kb
downstream of the transcription start site. The CpG island shore was here defined
2kb upstream and downstream of the CpG island.
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Figure 4-2. Distribution and comparison of the DNA methylation level for
removed and retained CpG sites. A. Both removed and retained CpG sites
exhibited a binomial distribution of DNA methylation level. B. When comparing the
remove and retained CpG sites, the latter have a high portion of DNA methylation
level around 0%, whereas the former have a high percentage in the DNA methylation
of 100%.
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Figure 4-3. Comparison of surgical, genetics and environmental differences
in human epigenomes. A. Comparison between the pre- and post-operative
samples’ CpG sites for Patient A, representing methylation difference per surgical
stimulus. B. Comparison between the pre- and post-operative samples’ CpG sites
for Patient B, representing methylation difference per surgical stimulus. C.
Comparison between the CpG sites of patients A and B using pre-operative
samples, indicating the genetics and environmental differences. There are more
CpG sites demonstrating significant differences in genetics and environmental
differences (C) than that of surgical differences (A-B), supporting the idea that
genetics and environmental variability may be a stronger influence than surgical
ones in human epigenomes. Q-value = 0.01.
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Figure 4-4. DNA methylation patterns for all CpG sites, those in promoter
region, and those in gene body region. A. PCA for all retained CpG sites. B.
PCA for retained CpG sites in the promoter region. C. PCA for retained CpG sites in
the gene body region. All three above conditions showed distinct patterns for the
pre- and post-operative CpG sites, suggesting there are CpG sites differences for
the pre- and post-operative samples in both promoter and gene body regions. The
blue dots indicate the pre-operative samples and the pink dots indicate the post-
operative samples.
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Figure 4-5. Visualization of CpG sites for specific genes. A. Most of the CpG
sites in the gene body region of transforming growth factor beta 1 (TGF-β1) were
hypo-methylated. B. In the promoter region, programmed cell death 1 (PDCD1) was
hyper-methylated. Each line (red or green) indicates a single CpG site. Green
indicates the CpG site is hypo-methylated and red indicates the CpG site is hyper-
methylated.
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Figure 4-6. Volcano plot for DNA methylation difference of
all CpG sites. Hypervariable CpG sites were identified via the
difference between the pre- and post-operative samples being
greater than 10% and the p-value from the paired t-test being
less than 10-5. The red dots indicate the hypervariable CpG sites
that are hypo-methylated and the blue dots indicate the
hypervariable CpG sites that are hyper-methylated.



136 
 

 

0 2 4 6

Tumor necrosis factor 
biosynthetic process

Regulation of tumor necrosis 
factor biosynthetic process

Regulation of body fluid levels
Leukocyte activation involved in 

immune response
Cell activation involved in immune 

response
Cell activation

Lymphocyte activation involved in 
immune response

Natural killer cell activation 
involved in immune response
Negative regulation of tumor 

necrosis factor biosynthetic process

Purine nucleotide salvage
Regulation of cytokine biosynthetic 

process
Immune effector process

Positive regulation of MHC class II 
biosynthetic process

Regulation of tumor necrosis 
factor production

Regulation of immune response

0 1 2

Purine metabolism

Regulation of autophagy

Hepatitis C

Natural killer cell mediated 
cytotoxicity

Autoimmune thyroid disease

Cytosolic DNA-sensing pathway

Jak-STAT signaling pathway

RIG-I-like receptor signaling pathway

Sulfur relay system

-Log10 (p.value)

Hematopoietic cell 
lineage

Cell adhesion molecules 
(CAMs)

Glycosphingolipid
biosynthesis - ganglio

series
0 1 2

Figure 4-7. Gene enrichment analysis for hypervariable CpG sites associated
genes in promoter region. A. GO analysis for associated genes of hypo-
methylated CpG sites. B. KEGG pathway analysis for associated genes of hypo-
methylated CpG sites. C. GO analysis for associated genes of hyper-methylated
CpG sites. D. KEGG pathway analysis for associated genes of hyper-methylated
CpG sites. Most of the enriched genes are in the immune system.
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Figure 4-8. Gene enrichment analysis for hypervariable CpG sites associated
genes in gene body region. A. GO analysis for associated genes of hypo-
methylated CpG sites. B. KEGG pathway analysis for associated genes of hypo-
methylated CpG sites. C. GO analysis for associated genes of hyper-methylated CpG
sites. D. KEGG pathway analysis for associated genes of hyper-methylated CpG
sites. Most of the enriched genes are in cellular adhesion, immune system, and
cardiovascular system.
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Figure 4-9. Heatmaps with annotations for hypervariable CpG sites in
promoter and gene body regions. A. Heatmap for hypervariable CpG sites in
promoter region with annotations for age, ethnicity, smoking history, valve surgery
condition, PAF, sex, and POAF. B. Heatmap for hypervariable CpG sites in gene
body region with annotations of age, ethnicity, smoking history, valve surgery
condition, PAF, sex, and POAF. The x-axis represents the patient number, and
the y-axis represents the CpG site. The patients were divided into methylation
difference groups, but none of the annotations alone could explain the group
difference.
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Figure 4-10. Gene enrichment analysis for associated genes of significant
CpG sites in promoter and gene body regions when comparing age group ≥
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sites in promoter region. B. KEGG pathway analysis for associated genes of
significant CpG sites in promoter region. C. GO analysis for associated genes of
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Figure 4-13. Gene enrichment analysis associated genes of significant CpG
sites in promoter and gene body regions when comparing group with valve
surgery and group without valve surgery. A. GO analysis for associated genes of
significant CpG sites in promoter region. B. KEGG pathway analysis for associated
genes of significant CpG sites in promoter region. C. GO analysis for associated
genes of significant CpG sites in gene body region. D. KEGG pathway analysis for
associated genes of significant CpG sites in gene body region. Most of the enriched
genes are in cardiovascular system, metabolism, and immune system genes.
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Figure 4-14. DNA methylation level comparison of the CpG site in TGF-β1. A.
Comparing DNA methylation level of the CpG site in TGF-β1 for the pre-operative
and post-operative groups. B. Comparing DNA methylation difference levels of the
CpG site in TGF-β1 for the group with POAF and the group without POAF. C.
Comparing DNA methylation difference level of the CpG site in TGF-β1 for the group
with valve surgery and the group without valve surgery. All three comparisons
revealed distinct DNA methylation differences for TGF-β1.



144 
 

 

 

 

 

 

 

 

 

 

Digestive tract development

-Log10 (p.value)

Cell cycle

Osteoclast differentiation

Purine metabolism

Alanine, aspartate and 
glutamate metabolism

Pentose and glucuronate
interconversions

Digestive system development

Regulation of mitotic cell cycle 
phase transition

Negative regulation of 
mononuclear cell proliferation

Negative regulation of 
lymphocyte proliferation

Single organismal cell-cell 
adhesion

Negative regulation of 
leukocyte proliferation

Regulation of cell cycle 
phase transition

Trophoblast giant cell 
differentiation

Single organism cell adhesion

Embryonic placenta 
development

Purine nucleoside 
biosynthetic process

Purine ribonucleoside
biosynthetic process

Embryonic organ development

Ribonucleoside biosynthetic 
process

0 1 2 3 4 0 1

Figure 4-15. Gene enrichment analysis for associated genes of significant
CpG sites for POAF prediction in gene body region. A. GO analysis for
associated genes of significant CpG sites in gene body region. B. KEGG pathway
analysis for associated genes of significant CpG sites in gene body region. Most of
the enriched genes are in development, immune system, and metabolism.

A B



145 
 

 

 

Yes No Unknown Total

POAF* 35 (34.6%) 48 (47.5%) 18 (17.8%) 101 (100%)

Male 60 (59.4%) 23 (22.8%) 18 (17.8%) 101 (100%)

Smoker 6 (5.9%) 36 (35.6%) 59 (58.4%) 101 (100%)

PAF** 11 (10.9%) 72 (71.3%) 18 (17.8%) 101 (100%)

Valve Surgery 25 (24.8%) 58 (57.4%) 18 (17.8%) 101 (100%)

POAF: Post-Operative Atrial Fibrillation

Asian Black Hispanic
/Latino

Indian NAV South
American

White Unknow
n

Total

Ethni
city

7 
(6.9%)

1 
(1.0%)

10 
(9.9%)

1 
(1.0%)

1 
(1.0%)

1
(1.0%)

50 
(49.5%)

30 
(29.7%)

101 
(100%)

*
** PAF:  Paroxysmal Atrial Fibrillation

Table 4-1 Demographic and clinical characteristic of 101 enroll patients 
that underwent CABG

≥ 60 < 60 Unknown Total

Age 56 (55.4%) 27 (26.7%) 18 (17.8%) 101 (100%)

Table 4-1. Demographic and clinical characteristic of 101 enroll patients that
underwent CABG. A. Information of POAF, sex, PAF, valve surgery condition. 83
patients have data for post-operative atrial fibrillation, sex, paroxysmal atrial
fibrillation, and valve surgery condition; the smoking history of 42 patients was
known. POAF occurrence was at least 34.6%. B. Patient’s age distribution. 83
patients have age data and a large portion of the patients who had the surgery
were older than 60. C. Ethnicity data for enrolled patients. Data is present for 71 of
the patients.

A

B

C
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Term Gene/Promoter involved Condition

Hypertrophic cardiomyopathy (HCM) ACTB;CACNA1C;ITGB7;TGFB1;
TPM3;ITGA11;PRKAG2

Hypervariab
le CpGs

Arrhythmogenic right ventricular 
cardiomyopathy (ARVC)

ACTB;ACTN4;CTNNA1;ITGA9;T
CF7;CACNA2D2;LEF1

Hypervariab
le CpGs

Heart valve development PRDM1;TGFB1 POAF

Transforming growth factor beta 
receptor signaling pathway involved 
in heart development

TGFB1 POAF

Hypertrophic cardiomyopathy (HCM) ITGA9;ITGB7;TGFB1;PRKAG2 Valve 
surgery

Dilated cardiomyopathy ITGA9;ITGB7;TGFB1 Valve 
surgery

Regulation of vascular permeability ABR;AZU1;SRC;TGFB1 Valve 
surgery

Table 4-2 Associated cardiovascular-related GO & KEGG pathway terms with involved 
CpG sites

Table 4-2. Associated cardiovascular-related GO & KEGG pathway terms with
involved CpG sites. 7 terms related to the cardiovascular system for hypervariable
CpG sites and significant hypervariable CpG sites for patient group separation
(POAF and valve surgery condition) were shown. TCG-β1 was covered in most of
the terms (shown in red). Also, genes in integrin family were appeared in more than
half of the terms (show in blue).
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Yes No Unknown Total P value

POAF 35 
(34.6%)

48 
(47.5%)

18 
(17.8%)

101 
(100%)

Male 60 
(59.4%)

23 
(22.8%)

18 
(17.8%)

101 
(100%)

0.9279

PAF 11 
(10.9%)

72 
(71.3%)

18 
(17.8%)

101 
(100%)

0.0546 

Valve 
Surgery

25 
(24.8%)

58 
(57.4%)

18 (17.8%) 101 
(100%)

0.5625

Age Range from 18 to 84, Mean=62.39 0.0191

Table 4-3 Clinical and demographic data that may affect the POAF occurrence

Table 4-3. Clinical and demographic data that may affect the POAF
occurrence. Logistic regression was applied to calculate the prediction
power of sex, PAF, valve surgery condition and age. Based on the p-
value cutoff, age may be used as the factor for the incident of POAF.
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