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Abstract

It has been appreciated for some time that cardiovascular disease involves large-scale
transcriptional changesin various cell types. What has become increasingly clear only in the last
few years, however, isthe role of chromatin remodeling in cardiovascular phenotypesin normal
physiology aswell asin development and disease. This review summarizes the state of the
chromatin field in terms of distinct mechanisms to regulate chromatin structure /n vivo,
identifying when these modes of regulation have been demonstrated in cardiovascular tissues. We
describe areas in which a better understanding of chromatin structure is leading to new insights
into the fundamental biology of cardiovascular disease.

Introduction

The ordered packing in the nucleus of six billion base pairs of DNA, along with thousands
of proteins and RNAS, is one of the most remarkabl e feats of molecular organization in
biology. Genomic structure is highly dynamic /n vivo. mitotic reorganization of the
chromosomes is exquisitely choreographed and, when not replicating itself, the genome can
scaffold rapid and large-scale changes in transcription. Genomic function is inherently
dependent on non-DNA factors and is likewise quite plastic: the same DNA holds the
information to create every cell in amulticellular eukaryote which, when read by the
appropriate protein and RNA machinery, can lead to normal differentiation, multipotency, or
disease.

The functional unit of chromatin is the nucleosome, a heteromultimeric protein complex
comprised of 8 proteins and bound by ~150 bp of DNA, the structure of which is known at
atomic resolution.(1) The precise structural features of the endogenous genome are unknown
but there are several key properties that influence the likelihood of aregion of DNA to be
available for transcription, including: histone variants (and their post-trandational
modification, PTM), histone modifying enzymes and ATP-dependent chromatin remodeling
proteins, non-nucleosomal chromatin structural proteins, and non-protein-coding RNAS. The
DNA sequence itself also has amajor role in genomic structure, and modifications to this
seguence (e.g. cytosine methylation) participate in local accessibility and transcription.
These DNA and non-DNA factors together endow global features alternatively associated
with gene expression, referred to as euchromatin, or transcriptional repression, labeled
heterochromatin (which can further be divided into the constitutive or facultative variety,
depending on whether it is universal or cell type-specific, respectively; Figures 1 and 3). To
understand transitions in genomic structure that underlie changes in phenotype of the cell,
the logic through which these multiple factors influence genomic structure must be revealed.
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Cardiovascular disease is a scourge on the devel oped world, where it is the leading cause of
morbidity and mortality. Despite the development of new therapeutic approaches,(2) heart
failure isaparticularly debilitating form of cardiovascular disease, with a~50% death rate 5
years after diagnosis.(3) The last two decades have seen remarkable progressin our
understanding of the molecular events that mediate heart failure, including its antecedent,
cardiac hypertrophy. Therole of transcriptional circuits has been extensively studied in
cardiac development and disease; in contrast, the role of endogenous chromatin structure
and its remodeling to facilitate transcriptional responses (thereby underpinning cell type-
specific proteomes, and phenotypes) in the cardiovascular system is arecently emerging
field. Our purpose herein is to succinctly summarize the current understanding of chromatin
biology in the cardiovascular system, with a particular emphasis on the heart. We also aim to
highlight concepts and techniques (Figure 2) from non-cardiovascular systems that reveal
new avenues of investigation to understand cardiovascular biology and disease.

Histone Modifications and Histone Variants

Although histones have been known for some time to be regulated by PTM, recent advances
in proteomic mass spectrometry over the past decade have advanced our understanding of
the extent of this regulation, and dramatically increased the rote number of modifications
that have been /dentified (>100 for some cell types).(4) An advantage of mass spectrometry
isthe ability to study combinations of PTMs on a single peptide or even intact protein.(5)
One example of this approach comes from analysis of histone H3.2 PTMsin HeLacells
where differential PTM resulted in 150 different forms, or “protein species’, of H3.2.(6) In
addition to combinatorial PTM identification, intact proteins can also be useful to study
splice variants, and histone variants with high sequence similarity, where there are few
unique tryptic peptides.

Functionally characterizing these modifications, on the other hand, remains alow
throughput endeavor, and thus there are a handful of modifications for which specific
transcriptional phenotypes have been ascribed and subsequently validated in multiple cell
types. Commonly studied silencing marks, which by definition are associated with DNA
regions with lower expression, include H3K9me3 (constitutive heterochromatin)(7) and
H3K27me3 (facultative heterochromatin),(8) where congtitutive heterochromatin is
considered more permanently silenced. Commonly studied euchromatin marks include
H3K4me3, which marks promoters and transcriptional elongation,(9) H3K4mel, which
marks enhancers,(10) H3K 27ac, which marks active enhancers,(11) and H3K36me3, which
marks actively transcribed gene bodies.(12) In general, histone acetylation makes the DNA
more euchromatic.(13) Less well-studied PTMs include phosphorylation, ubiquitination and
SUMOylation, although all these modifications have been shown to exist on chromatin.

Nucleosomes can al so be modified by the histone variants they contain. Histone variants
have diverse roles, including association with transcriptional elongation in active gene
bodies, kinetochore formation at the centromere, RNA Pol Il recruitment at promoters, and
chromatin remodeler recruitment after DNA breaks, as just some examples.(14) Finally,
linker histone H1 is another class of histone, with its own panel of variants that associate
peripherally with nucleosomes, organizing them into higher-order structure.(15)

Chromatin immunoprecipitation followed by next generation DNA sequencing (ChlP-seq)
has become awidely used tool for studying the distribution of specific histone PTMs and
variants (as well as other chromatin-bound proteins) across the genome. Integration of data
sets from multiple ChlP-seq experiments enables |ocalization of PTMswhich may cooperate
together to form a histone code,(16) or which may, even in the absence of existing on the
same nucleosome, define chromatin domains.(17, 18)
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Perhaps the most mature field of chromatin research in the heart is the regulation of histone
modifications (Figure 1), acetylation in particular, which is governed by HDACs (histone
deacetylases) and HATs (histone acetyltransferases).(19) Despite important insights from
many cardiac studies on HDAC and HAT isoforms—primarily executed using
pharmacologic and/or genetic gain/loss of function of individual isoforms or protein families
—acritical unresolved question is which residues on the histone tails are modulated during
disease, and how do the HDACs/HATSs (and other modifying enzymes, such as histone
methyltransferases) target the correct nucleosomes to bind and modify in their target genes.
Itislikely that a combination of histone variant expression, histone PTMs, DNA sequence
and non-nucleosomal chromatin binding proteins together specify a disease-specific
genomic structure and transcriptional response in cardiomyocytes (thus explaining how
global inhibition of HDACs and HATSs can have apparently specific effects), but a
combination of proteomicsto dissect HDAC/HAT complexesin the heart and genomicsto
map the localization of these molecules would be needed to test this conjecture.

One salient study in which ChlP-seq revealed a global principle of gene regulation in the
heart has come in the area of development. During the process of differentiating human
embryonic stem cells (hESCs) into cardiomyocytes, H3K27me3 decreases, while
H3K36me3 and H3K4me3 increase at the promoters of genes that regulate cardiac
differentiation.(20) This differs from cardiac structural proteins that also gain H3K36me3
and H3K4me3 during differentiation but lack inhibitory H3K27me3 even in less
differentiated states (and even when these genes are silenced).(20) This suggests that
repressive marks are not necessary to block transcription, but rather, are employed as an
extra precaution (in addition to the lack of activating marks) to keep genes that promote
differentiation tightly silenced in precursor lineages, since aberrant expression of a proteins
whose expression directly induces the expression of other proteins (e.g. a developmental
transcription factor) would be more detrimental than aberrant expression of asingle
structural protein.(20) A similar study performing ChlP-seq and RNA-seq during the
differentiation of mouse ESCs into cardiomyocytes found that multiple genes showing a
similar expression pattern during differentiation could be subdivided by chromatin marks to
separate out genes coding for different gene ontology analysis-defined pathways.(21) They
then used the presence of H3K4mel alone, or H3K4mel and H3K 27ac together, to identify
poised or active cardiac enhancers, respectively.(21) Interestingly, many poised enhancersin
earlier lineages never became active in the cardiac linages, which the authors attribute to the
plasticity of the precursor cells (i.e., enhancers poised for activation in other lineages).(21)
Furthermore, the group of active enhancers was highly cell type-specific.(21) H3K27ac
levels at active enhancers help explain the convergence of chromatin structural features and
transcription factors to coordinate large-scale gene expression profiles. This study found that
loci with high levels of H3K27ac surrounding asmall dip in H3K27ac signal represented
active enhancers which were open to transcription factor (TF) binding (hence the dip).(21)
Taken together, these studies show how the chromatin patterns at promoters and enhancers
progress during development to modulate the multiple large-scal e gene expression patterns
being driven by the—simultaneous, devel opmentally speaking—changing abundances of
distinct transcription factors.

ChlIP-seq for H3K4me3, H3K4mel and H3K 27ac was performed on adult mouse hearts and
embryonic mouse hearts, day E14.5 and used, in conjunction with ChlP-seq for other
chromatin proteins, to identify promoters and enhancers.(22) Typically, the enhancer is
matched to the closest TSS or to the TSSs not separated from the enhancer by a CTCF
binding event. However, this study compared the chromatin state at each enhancer to the
presence of RNA Pal |1 at every promoter on the chromosome, to find the cis- and trans-
regulated promoters whose activities are best correlated with that of the enhancer.(22)
Rather than explain developmental or pathological processes specificaly, this data offers
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insight into the structural (domains of interacting loci) and functional organization of the
cardiac genome.

ChiIP followed by microarray anaysis of myocytes isolated from healthy or failing hearts of
Dahl salt-sensitive rats shows that global distribution of H4K20me3, H3K27me2, H3ac,
H4ac, H3K4me2 and H3K9me2 are significantly correlated between healthy and failing
hearts.(23) However, H3K4me3 (as opposed to H3K4me2) and H3K9me3 (as opposed to
H3K9me2) show a significant lack of correlation between healthy and disease states.(23)
ChiIP-seq for H3K4me3 and H3K 9me3 were repeated on human heart samples from patients
with valvular disease and preserved ejection fraction or patients with dilated
cardiomyopathy and depressed gjection fraction.(23) Loci of 1kb with multiple reads
mapped to it were deemed “high clusters’ of H3K4me3 or H3K9me3, and were found to be
enriched in cardiac specific genes.(23) In fact, even high clusters only found in one or the
other of the two disease patient groups were part of pathways which overlapped between the
two groups, even if the specific genes with the altered H3 PTMs did not.(23) This suggests
that there is enrichment of H3K9me3 and H3K4me3 high-density regions at cell-specific
genes, as opposed to, for example, predominately being found at developmentally silenced
and housekeeping genes respectively, and as such, it is these PTMs that show the greatest
change during disease.

Features of the “histone code”, if it exists, have been described to include writers, readers
and erasers that respectively add, recognize or remove modifications from histones. There
are two general approaches to studying the relationship amongst these types of chromatin
modifiers: single gene-based approaches, which examine the behavior around well-
characterized loci, drawing broad conclusions, and genome-wide or proteome-wide
approaches, that are loci independent but that, for reasons of scale, lack extensive traditional
analysis of individual target genes. One recent study(24) in the latter category determined
the proteins associated with known trimethylation marks (five in total: H3K4me3,
H3K36me3, H3K9me3, H3K 27me3, and H4K 20me3) as a discovery-based approach to map
the proteomes of molecules ostensibly reading these histone PTMs.

Finally, histone variants, in addition to PTMs, play arole in heart disease. Quantitative
proteomic analysis of proteinsisolated from mouse cardiac nuclei by acid extraction found
54 histone protein variants in the heart, with a global decreasein the ratio of linker histone
to core nucleosome in cardiac hypertrophy.(25) Additionally, histone H2A.Z was found to
increase in amouse model of hypertrophy, with shRNA experimentsin isolated cells
demonstrating its necessity in this process.(26) Proteins peripheral to the nucleosome and
yet fundamentally involved in chromatin structure, including the H1 family (so-called linker
histones(25)) and high mobility group, HMGA1(27) and HMGB2(25), specificaly, have al
been implicated in pathological cardiac growth. Therole of other histone variants and non-
nucleosomal chromatin structural proteins, and how they target specific nucleosomesin the
heart, remains to be elucidated.

DNA Modifications

In mammals, DNA methylation occurs on cytosine residues with an adjacent guanine
residue on the 3’ end, so called CpG sites, forming 5-methylcytosine.(28) The majority of
CpG sites are methylated in vertebrates, however, there are regions of DNA, called CpG
islands, which are enriched for CpG and are hypomethylated.(29) Analysis of multiple
vertebrate genomes shows CpG islands enriched at the 5 end of housekeeping genes, as
well as some occurring at the 5" or 3" end of tissue-specific genes.(30) It was thought that
disease-specific changes in methylation occurred at CpG islands and gene promoters,
however a study on human colon cancer found that the majority of the changes were
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occurring in anew region, coined “ CpG island shores,” which are regions within 2kb of
CpG islands with less dense CpG nucleotides.(31)

Methyl CpG binding protein 2 (MeCP2) is a chromatin protein that can bind to 5-
methylcytosine and facilitate gene compaction and silencing.(32) It is considered a genera
rule that cytosine methylation silences transcription, including repressing transposon
expression.(33) However, there are nuances. Highly expressed genes tend to have
hypomethylation in the promoter, but hypermethylation in the gene body. It is thus not
surprising that the methylation patterns vary between cell types. Methylation array analysis
of human heart, lung, and kidney found tissue-specific methylation patterns.(34)

DNA (cytosine-5-)-methyltransferase 1 (Dnmt1), acts on hemimethylated DNA to maintain
methylation,(35) while Dnmt3A and Dnmt3B are responsible for de novo methylation,(36)
with some exceptions.(37) DNA methylation can be maintained between cell divisions,
making it truly epigenetic.(38) However, DNA demethylation can also occur during cell
division (passively), and it has recently become appreciated that demethylation can also be
an active process involving hydroxymethylation; hydroxymethyl-cytosineis enriched at
enhancers and active promoters and exons in ESCs and may poise chromatin for
transcription.(39) Additionally, 5-methylcytosine is enriched at nucleosomes and in exons.
(40)

The most widely applied method for genome-wide analysis of DNA methylation is bisulfite
seguencing, in which treatment of DNA with bisulfite converts unmethylated cytosinesto
uracil.(41) Following comparison with areference genome, the mismatched bases are
inferred to be unmethylated cytosines. Other methods that include targeted approaches using
designer probes or methylation sensitive restriction enzyme digestion have advantages of
increased coverage of select regions of the genome and of better specificity in terms of
single base resolution and less bias for size of sequenced fragments, respectively. A final
sequencing-based method is a variation of ChlP-seq, where antibody to methylated cytosine
is used, so called methylated DNA immunoprecipitation (MeDIP).(42) MeDIP analysisis
biased toward loci with high methylation,(42) and since the base methylation statusis not
read, single nucleotide resolution is not obtained.

Thereis an increasing recognition that specific genes may be differentially methylated in
heart and vascular disease and, with the advent of the aforementioned genome-wide
technologies, the extent of this regulation is becoming more evident. Some recent examples
include a study on ventricular septal defects, the most common form of congenital heart
disease, which found hypermethylation in the NOX5 gene, which playsarolein septum
development.(43) Another study analyzed human left ventricular samples by MeDIP-chip
(MeDIP followed by analysis on amicroarray chip containing CpG island and promoter
seguences) followed by bisulfite treatment and PCR for confirmation.(44) This study found
altered methylation in disease corresponding to altered expression at 3 genesinvolved in
angiogenesis.(44) Differential methylation can also affect intergenic regions. One study
found human heart samples from end-stage cardiomyopathic patients were significantly
hypomethylated in satellite repeat regions and these regions were up-regulated 27-fold in
expression over control hearts.(45) In a separate study, pregnant mice exposed to the
endocrine disrupting compound diethylstilbestrol birthed offspring which exhibited altered
contractility when exercised, in part due to increased expression of Dnmt3a and increased
methylation in the promoter of calsequestrin 2.(46) A study of selenium deficiency,
associated with diastolic dysfunction and myocardial fibrosisin mice, found that low doses
of selenium supplementation were capable of altering DNA methylation due to changesin
the methionine-homocysteine cycle.(47) This suggests that methylation in the heart can be
quite dynamic and potentially sensitive to arange of stimuli.
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MeDIP followed by sequencing analysis of healthy and diseased human left ventricular
samples showed significant differencesin globa methylation of CpG islands of gene
promoters (cardiomyopathy samples hypomethylated versus control) and gene bodies
(cardiomyopathy samples hypermethylated versus control), but not in 3"UTRs, enhancers,
or intergenic regions.(48) The occurrencein disease of increased hypomethylation in
promoters, increased hypermethylation in gene bodies, and lack of alteration in promoters of
down-regulated genes together suggest that there is a global change in methylation during
disease which helps up-regulate a subset of genes. If this overall mechanism is more
universal, and how the specific pattern of methylation varies depending on the type of
cardiovascular disease, remains unknown.

DNA methylation is aso an important part of cellular reprogramming and differentiation.
Multiple studies have evaluated the effectiveness of using 5-azacytidine (a nucleoside
analogue which inhibits DNA methylation) on driving mesenchymal stem cellstoward a
cardiomyogenic lineage,(49) including a proteomic study identifying the cytoskeletal and
metabolic proteins whose expression is altered after treatment with the compound.(50)
Additionally, MeDIP analysis coupled with CpG island arrays on mouse brain, heart, liver
and testis tissue taken at multiple developmental time periods (E15 to adult) shows that the
majority of methylation differences are due to tissue specificity.(51) Thus, methylationisan
important part of endowing cell specificity during differentiation and a deeper understanding
of this regulation can be used to manipulate cellular reprogramming.

Noncoding RNA

Advances in genomic technologies have enabled investigation of the complete transcriptome
of acell. These analyses have reinforced the concept that RNA is not only an intermediary
molecule between DNA and proteins, instead executing various tasks related to gene
expression, macromolecular complex formation, MRNA translation and chromatin structure
(Figure 1). In fact, around 98% of al transcriptional output in humans is non-protein-coding
RNA,(52) with microRNAs being particularly well-studied in the molecular basis of cardiac
development and disease(53, 54) including as potential biomarkers.(55) Of the two major
techniques used to analyze the regulatory role of noncoding RNAs (ncRNA), the main
advantages of RNA-seq over RNA microarrays are that the former does not require the
target genomic sequence on the array and produces lower background levels.

Several recent investigations using RNA-seq in mouse models of heart disease have shown a
widespread role for other forms of RNA processing, including splicing(56, 57), although the
extent to which RNAs function to directly affect chromatin structure and gene expression in
cardiovascular disease, is unknown.

High-throughput techniques have shown evidence for production of large amounts of long
non-coding RNAs from the human genome.(58) These IncRNAs are molecules bigger than
200 bp and lack protein-coding potential. INcCRNASs have been show to have many
interesting actions(59) including gene silencing, enhancer activity, alternative splicing and
as scaffolds for complexes of proteins bound to the genome (Figure 1). Two very recent
studies have demonstrated the existence of tissue-specific IcRNAsinvolved in cardiac
function, including the mesoderm-specific Fendlr, loss of which is embryonic lethal dueto
cardiac hypoplasia and functional defects,(60) and Braveheart, required for commitment of
embryonic stem cells to the cardiac lineage.(61) The extent to which these or other ncRNAs
participate in normal cardiac function in adults, including their rolesin disease, remain to be
determined.
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Chromatin Remodelers

ATP-dependent chromatin remodel ers are a class of chromatin proteins important for
dynamic reorganization and maintenance of chromatin structure (Figure 1). There are 5 main
families of chromatin remodeling complexes: ISWI and SWI/SNF (which are the best
studied families), INO80, NURD/Mi-2/CHD, and SWRI.(62) These complexes can slide/
space(63) or gect nucleosomes(64) to alter access to the DNA by transcription factors.
Additionally, they can remove the H2A-H2B dimer(65) and exchange dimersto incorporate
histone variants(66) as revealed by single molecule methods.(67) This set of nucleosome
mani pulations enables chromatin remodelers to participate in a variety of biological
processes.(62) For example, the SWI/SNF family isinvolved in RNA polymerase
regulation,(68) as well as alternative splicing(69) and transcriptional elongation.(70) The
ISWI family also regulates elongation.(71) The NURD/Mi-2/CHD family can facilitate gene
silencing, with Mi-2 able to associate simultaneously with HDACs and methylated DNA
binding proteins, linking DNA methylation to histone deacetylation and transcriptional
repression.(72) Outside of affecting transcription, the SWRI proteins are important for DNA
repair,(73) and the ISWI family(74) and the SWI/SNF family(75) are important for cohesion
between sister chromatids during DNA replication.

Therole of chromatin remodelers in the heart has been reviewed elsewhere,(76) as has been
the role of the SWI/SNF complex in cardiac progenitor cells.(77) Brgl, one of two ATPase
subunits of the SWI/SNF family (BAF family in vertebrates), is critical for trabeculation, as
well as the formation of the right ventricle, outflow tract, and septa during development, in
part through its regulation of Bmp10 and Adamtsl expression as shown by mouse knockout
studies.(78) Baf180 and Baf60C knockdown are both embryonic lethal resulting in
underdeveloped ventricles, with Baf60C serving as a heart-specific Baf subunit that helps
target the complex to cardiac enhancers.(79, 80) In disease, Brgl is up-regulated following
pressure overload and acts with HDACs and poly (ADP ribose) polymerase (PARPS) to
coordinate the change in myosin heavy chain expression.(81) Inducible knockout of Brgl
before pressure overload attenuates both hypertrophy and fibrosis. Thus, likein
development, the Baf complex can respond to environmental cues to regulate gene
expression and cardiac morphology.

Members of the other chromatin remodeling complexes have aso been analyzed, including
by genetic manipulation in animal models. In zebrafish, again of function mutation in
reptin, an ATPase in the INO8O0 family, results in cardiomyocyte hyperplasia during
development after formation of the heart tube, while knockdown of Pontin, another ATPase
in the complex, also resultsin hyperplasia.(82) Like with Brgl, Chd7, amember of the CHD
family, has aso been shown to interact with Thx transcription factors, with heterozygous
loss of function mutant mice having malformed aortic arches.(83) Taken together, these
studies support the observations in the SWI/SNF (Baf) complex for different protein
constituents to be able to tailor the function of the complex, for the complexes to modulate
transcription factor activity, and for the complexes to participate in large-scale global
transcriptional reprogramming.

As with the histone-modifying enzymes, it isimportant to better understand how these
remodeling complexes are targeted to specific nucleosomesin different cell types,
developmental stages, and disease states, with some evidence already existing for how
histone PTMs facilitate this process.(80, 84) It is remains to be determined how the
exchangeabl e protein components of these complexes can modulate their function and
localization. Because many of the studies on molecular actions of ATP-dependent
remodelers are performed on reconstituted chromatin /n vitro, it remains unknown what
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effect the presence of other chromatin binding proteins and modifications have on the
actions of these remodelers when they target the genome /n vivo.

Global Structural Features of Genomes

What the genome looks like /7 vivois unknown. All of the foregoing chromatin features
(Figure 2) combine to package the genome into the nucleus in a non-random, dynamic
structure (Figure 3); approaches to measure this structure directly are akey frontier in
chromatin biology. Microscopy studies have provided insight into the regulation of nuclear
size and morphology in cardiovascular disease, (85, 86) providing the rationale to investigate
in alocus-specific, yet genome-wide manner, the properties of DNA packing in heart and
vascular cells. The development of different Chromosome Conformation Capture (3C)
variants during the last decade and the combination of these techniques with the new high-
throughput sequencing methods has provided a global view of how chromatin architecture is
involved in gene regulation by allowing the formation of active or repressive
“microenvironments’.(87) These techniques share the advantage of much higher resolution,
to the single base level,(88) in contrast with microscopy. All of the 3C variants have a
common workflow of cell fixation, DNA digestion (using restriction enzymes) and DNA re-
ligation (under diluted conditions to promote intramolecular ligations between cross-linked
fragments) followed by sequencing of the resultant DNA library to examine the frequency of
interactions between different loci.

Although thisisthe early days for application of these techniques to the cardiovascular
system in a genome-wide manner, some very interesting studies have emerged in the area of
heart failure. Previous studies had demonstrated that the transcription factor Nkx2-5
mediates formation of achromatin hub in aregulatory element upstream of the atrial
natriuretic factor (ANF) gene,(89) a known indicator of hypertrophy. Using a 3C approach
to map this chromatin hub, it was subsequently revealed how this hub ensures ANF
structural availability and expression during heart development, but is not necessary in the
setting of pressure-overload hypertrophy and failure, when ANF isreactivated. New
enhancers can be identified by analyzing the gene expression microarray databases
generated from previous publications(90) but also by using 3C technology, although this
approach has not been applied to the cardiovascular system to our knowledge. ChlP-seq has
been applied for this endpoint in the heart,(91)—for the transcriptional co-activator normally
present in enhancers, p300, and five cardiac transcription factors essential for initiating or
maintaining cardiac gene expression: GATA4, NKX2-5, TBX5, SRF and MEF2A.. Genetic
variation in several of these transcription factors has recently been reported in humans with
congenital heart disease,(92) highlighting the potential translational impact of studiesto
understand their regulation at the genomic level.

A recent study examining global dynamics of chromatin function involved ChlP-seg-based
determination of changes RNA POL |1 binding and H3K9-ac occupancy across the genome
following pressure overload in mice.(93) Four patterns of change were revealed 4 days after
stress, determined by RNA POL 11 behavior but also showing characteristic features for
H3K9ac: promoter clearance of POL Il (i.e. apaused polymerase begins transcribing), de
novorecruitment of POL 11 across the promoter and gene body, a combination of the
previous two, and decreased POL 11 binding. These modes of RNA POL |1 behavior were
used by the authors to distinguish between transcripts regulated at the transcriptional or post-
transcriptional level, although these studies also hold the potential to discriminate
functionally different genomic regions based on their occupancy by RNA POL Il and/or
H3K9ac, regardless of the known annotation of the DNA (e.g. as coding or noncoding).
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Severa other approaches for examining chromatin functionality and/or nucleosome
positioning (which itself can influence gene expression and genomic packaging(94)) have
been developed and applied in a genome-wide manner in recent years. These include

Formal dehyde-Assisted | solation of Regulatory Elements, followed by sequencing (FAIRE-
seq)), which isused to identify regulatory elements of actively transcribed genes.(95) DNase-
seq takes advantage of DNase | endonuclease to cut at DNase | sensitive sites, usually
accessible DNA not protected by packaging, followed by sequencing, to detect regulatory
elements and linker DNA.(96) Unlike DNase | digestion, micrococcal nuclease (MNase)
digestion isless restrained (not limited by accessibility) and cuts nucleosome-depleted linker
DNA.(97) DNA adenine methyltransferases identification (DamliD) is another widely used
method, in which a protein of interest is tagged with £. coli adenine methyltransferase (not
normally expressed or present in eukaryotic cells),(98) to understand DNA-protein
interactions. Any regions of the genome that interact with the tagged protein also are
methylated, enriched by pull down of antibody recognizing methylated sites or enzymatic
digestion (which eliminates potential variability due to antibody affinity), and then mapped
and analyzed.(99) Daml D has been used to map HP1 to heterochromatin associated with
transposons.(100) This technique has also been used to assess DNA regions that associate
with the nuclear lamina and mechanism of laminar recruitment of chromatin. One such
study has identified a GAGA sequence motif, common to DNA regions associated with
lamina, as a potential sequence-dependent mechanism for recruitment of DNA to the nuclear
membrane in mouse fibroblasts.(101) Together, these genome-wide studies of nucleosome
positioning are revealing the principles for endogenous chromatin structure from the
standpoint of DNA sequence specification.(94, 102)

Future Perspectives

The rapid advance of the study of chromatin (Figure 2), with the advent of next generation
seguencing technologies, proteomics and computational biology, have driven many
investigators to propose models of chromatin states(17, 18) which, in our opinion,(103)
should include direct measurements of structural features that can be correlated with
function (often transcription, although there are other functions(104) the genome servesin
the cell) of super-genic regions of the genome. Such efforts to codify the behavior of
chromatin and to understand intermediate structural elements—between the scale of the
nucleosome and the entire nucleus—are a critical step to understanding how the same
genome encodes multiple cell types.

In the cardiovascular realm, amgjor challenge is to determine what aspects of the biology of
chromatin understood from simpler organisms are relevant in the human heart and
vasculature (Table 1; Table references:(25, 48, 105-108)). Key aspects of chromatin biology
discussed in this review that remain unknown include: What is the role of DNA methylation
in higher organisms and is this modification truly stable in differentiated cells?(109) How do
the numerous histone variants, not present in lower organisms but known to be expressed in
mammals,(25) contribute to genome specification amongst different cell types? What isthe
logic that governs interaction between chromatin remodelers and transcription factors, and
how is this temporally regulated in disease to activate genome-wide changesin
transcription? What are the unique structural adaptations that the multi-nucleated, largely
heterochromatic, adult cardiomyocyte carries out to package its genome? We believe that
investigating new areas of chromatin biology in cardiovascular system will be most effective
if executed in two parallel approaches that differ in conception: we should try to “confirm”
observations from lower organisms and non-cardiovascular cellsin the heart and
vasculature; however, a uniquely fruitful approach, we contend, isto explore anew in an
unbiased manner (not eschewing what is known in lower organisms) the behavior of
chromatin in various stages of cardiovascular development, normal physiology and disease.
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The latter approach hypothesizes that multicellular eukaryotes have evolved different, albeit
not necessarily more complex or more effective, mechanisms to solve the problem of
genome packaging and regulation.
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Figure 1. M echanisms of chromatin remodeling
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(Top Panel) DNA can be packaged as heterochromatin (tightly packaged and generally
inaccessible to proteins such as transcriptional machinery) or as euchromatin (accessible to
transcription). (Middle Panel) Chromatin remodeling proteins can alter DNA methylation or
histone PTMs, the combination of which can be recognized by “reader proteins’ (purple) to
confer chromatin state. (Bottom Panel) Non coding RNAS can interact with these chromatin

remodelersto target them to specific loci, leading aternatively to gene activation or

silencing.
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Figure 2. M ethodologies and applications
Various techniques currently utilized, alone or in combination, to analyze chromatin
structure and regul ation.
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Figure 3. Multiplelevels of structural organization regulate gene expression in an interphase
nucleus

(Top) An actively transcribed (green) and repressed (red) segment of DNA occur on distinct
regions of the same chromosome, directly regulated by chromatin remodel ers and noncoding
RNA. (Bottom Left) The higher-order chromatin structure surrounding these segments
endows another level of regulation, with the cumulative effect of local modifications of
nearby segments and neighboring chromosomes combining to create distinct repressive and
activating environments. (Bottom Right) The position of the segmentsin relation to the
global features of the nucleus imparts yet another level of regulation. All three levels
regulate each other interdependently.
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Current state of understanding of various chromatin structural regulators in the cardiovascular system.

Studied in CV
Development

Studied in
CcVv
Disease

Well-studied Playersin
CV System

Comment

Histone Modifying Enzymes

Extensive

Extensive

HDAC: Class|,II
HAT: p300, CBP
HMT: PRC2,, MLL
HDM: Jumonji domain-
containing proteins

Extensive KD/OE and
pharmacologica studies (105)
Limited understanding for
genomic distribution of specific
modifications and target loci

Histone Variants

Limited

Moderate

H2A.z

Variants expressed in the heart
identified (25) but only afew
understood mechanistically (26)

Histone Post-translational Modifications

Moderate

Moderate

Acetylation, Methylation

Global positioning analyzed by
ChlP-seq (20, 21, 23)
Proteomic analyses of PTM
abundance, PTM combinations,
and PTM interactions with
“reader” proteins are still

necessary

Non-nucleosomal Structural Proteins

Limited

Moderate

HMGA, HMGB

Some structural proteins have
been well-studied in other
systems, but their functions have
yet to be addressed in the heart
(25, 27)

ATP-dependent Chromatin Remodelers

Moderate

Moderate

Brgl, BAF complex

Members of major families
studied in the heart (79, 80),
though disease studiesin this

field are still incomplete

DNA Methylation

Moderate

Moderate

meC, Dnmt

Some loci specific studies (106)
Few global studies (48)

Noncoding RNA

Extensive

Extensive

miRNAs

Specific miRNAs studied
extensively (53, 54) for
transcriptional regulation, but the
role of noncoding RNA for
regulating chromatin structure is
needed (60, 61, 107)

Nucleosome Positioning

Limited

Limited

Emerging field in chromatin
biology not yet explored in the
heart

Chromatin Conformation

Limited

Limited

Enhancers and chromatin
loops

Studies in the heart of thistype
are recent and include measuring
long-range interactions (89) and
nuclear organization by
microscopy (108)
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