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Abstract
Pathological cardiac remodeling is induced through multiple mechanisms that include neurohumoral and biomechanical stress
resulting in transcriptional alterations that ultimately become maladaptive and lead to the development of heart failure (HF).
Although cardiac transcriptional remodeling is mediated by the activation of numerous signaling pathways that converge on a
limited number of transcription factors (TFs) that promote hypertrophy (pro-hypertrophic TFs), the current therapeutic approach
to prevent HF utilizes pharmacological inhibitors that largely target specific receptors that are activated in response to patholog-
ical stimuli. Thus, there is limited efficacy with the current pharmacological approaches to inhibit transcriptional remodeling
associated with the development of HF. Recent evidence suggests that these pro-hypertrophic TFs co-localize at enhancers to
cooperatively activate transcription associated with pathological cardiac remodeling. In disease states, including cancer and HF,
evidence suggests that the general transcriptional machinery is disproportionately bound at enhancers. Therefore, pharmacolog-
ical inhibition of transcriptional machinery that integrates pro-hypertrophic TFs may represent a promising alternative therapeutic
approach to limit pathological remodeling associated with the development of HF.
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Introduction

Heart failure (HF) is a major cause of mortality in the western
world and is defined as the inability of the heart to properly
maintain nutrient supplies to the peripheral organs and tissues
[1]. Initially, cardiac remodeling in response to pathological
stimuli occurs to reduce ventricular wall stress and preserve
cardiac function. For example, cardiomyocytes become hy-
pertrophic with the addition of sarcomeres in parallel to in-
crease myocyte width and, in series, to increase myocyte
length as a means of increasing cardiac contractility.
However, over time, these adaptations become maladaptive
and are associated with the development of HF. Typically,
HF arises from a series of progressive alterations in cardiac

transcription, structure, and function (referred to as patholog-
ical cardiac remodeling) in response to increased biomechan-
ical stress (including pressure or volume overload) or neuro-
humoral stress (including angiotensin II, endothelin-1, and
norepinephrine). HF is often associated with the addition of
sarcomeres in series, cardiomyocyte death, and extensive car-
diac fibrosis which ultimately results in cardiac dysfunction.
Current therapies to treat HF primarily target the renin-
angiotensin system and beta-adrenergic receptors to reduce
hypertension and adverse cardiac remodeling; however, pa-
tient prognosis remains poor [2]. This is due, in part, to the
multifactorial nature of HF whereby activation of redundant
cell signaling pathways converges on the nucleus resulting in
the activation of transcription factors (TFs) and co-regulators
that promote pathological cardiac remodeling.

Pathological cardiac transcriptional remodeling results in
aberrant expression of fetal genes involved in cardiac metab-
olism, contractility, and calcium handling, and are therefore
described as a reversion to a Bfetal gene program.^While it is
believed that re-expression of fetal genes in the diseased adult
heart is initially an adaptive transcriptional response to main-
tain cardiac function, activation of this gene program is
thought to drive maladaptive remodeling and contribute to
the pathogenesis of heart failure. For example, HF is
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accompanied by a downregulation of the adult myosin heavy
chain isoform, α-myosin heavy chain (α-MHC), and re-
expression of fetal MHC, β-MHC. While re-expression of
β-MHC, which possesses slower ATPase activity, is thought
to occur as an adaptive response to compensate for low energy
availability, β-MHC expression results in reduced cardiac
contractility [3]. Additional sarcomeric proteins, including
α-actin and titin, revert to fetal isoform gene expression in
the diseased heart further contributing to reduced cardiac con-
tractility [3]. Therefore, transcriptional alterations that contrib-
ute to the pathogenesis of HF continue to be of therapeutic
interest.

Pathological cardiac transcriptional remodeling is mediated
by TFs that are also known to regulate cardiac developmental
gene expression (pro-hypertrophic TFs). In response to path-
ological stress, activated cell signaling converges on these
pro-hypertrophic TFs that bind to their respective transcription
factor binding sites (TFBSs) located at cis-regulatory ele-
ments, such as promoters or enhancers, to regulate gene ex-
pression. While promoters contain TFBSs located in close
proximity to the transcription start site (TSS), enhancers are
cis-regulatory elements that drive transcription from a distance
through the formation of a chromatin loop that brings the
enhancer and promoter into close proximity. This enhancer-
driven transcription results in higher levels of gene expression
than would occur with promoter-driven expression alone.
While enhancers also contain TFBSs, they are highly enriched
with transcriptional co-activators which integrate TFs to pro-
mote target gene expression. In pathological cardiac stress
induced by pressure overload, a redistribution of epigenetic
alterations results in enhancer activation and subsequent
enhancer-driven pathological gene expression highlighting
enhancers as important regulators of pathological transcrip-
tional remodeling [4, 5]. Specifically, activated pro-
hypertrophic TFs recruit transcriptional cofactors, including
histone acetyltransferases, which regulate chromatin accessi-
bility at enhancers. This allows the basal transcriptional ma-
chinery including general TFs, theMediator complex, positive
transcription elongation factor (P-TEFb), and bromodomain-
containing protein 4 (Brd4) to be incorporated at gene regula-
tory regions to promote productive transcription (Fig. 1). In
the context of HF, activation of pro-hypertrophic TFs in con-
cert with dynamic regulation of the epigenomic landscape at
cis-regulatory elements, including enhancers, results in reac-
tivation of transcriptional programs that are associated with
maladaptive cardiac remodeling. Therefore, the transcription-
al machinery, which integrates TFs to dynamically regulate
pathological cardiac gene expression programs from en-
hancers, has been a focus for the development of novel ther-
apeutics (Table 1).

In this review, we will outline our current understanding of
transcriptional regulation by cis-regulatory elements and en-
hancers in the context of cardiac disease, and discuss the novel

therapeutic strategies to inhibit enhancer-mediated regulation
of pathological cardiac remodeling that has recently been
uncovered.

Enhancer-mediated transcriptional
regulation

Gene regulatory elements, including enhancers, are abundant-
ly embedded throughout the mammalian genome resulting in
highly complex mechanisms to modulate gene expression
[18]. Enhancers range in length from hundreds to thousands
of base pairs and are typically found within ~ 50 kb of pro-
moters but in some instances have been identified millions of
base pairs away from promoters [19–21]. Enhancers are com-
monly occupied by cell-specific TFs that cooperatively drive
gene expression and dictate cell fate [22–25]. In this regard,
enhancers have been most extensively studied in the context
of development and are known to regulate genes vital to cell
identity. Numerous reports also demonstrate that subsets of
developmentally active enhancers are re-activated under path-
ological conditions, including cancer and heart disease [26,
27]. As such, strategies to target the general transcriptional
machinery that integrates and promotes transcription of
enhancer-associated genes has been efficacious in numerous
cancer models, and more recently, in models of cardiovascular
disease [7, 26].

Unlike TFBSs, enhancers often lack the sequence specific-
ity and the evolutionary conservation that would make them
readily identifiable. However, the advent of chromatin immu-
noprecipitation in conjunction with sequencing (ChIP-seq)
has improved our ability to identify enhancer elements
throughout the genome. Specifically, enhancers are enriched
with histone modifications that alter enhancer accessibility.
For example, acetylation of lysine 27 on histone 3
(H3K27ac) or monomethylation of lysine 4 on histone 3
(H3K4me1) identifies active or poised (inactive) enhancers,
respectively [28–33]. In addition, enhancers are further iden-
tified by the occupancy of p300 acetyltransferase, Mediator 1
subunit (Med1), Brd4, and cell-specific TFs [22, 25, 34–38].
This use of ChIP-seq to identify enhancer elements has
yielded the discovery of 400,000 to 1.4 million enhancers in
the mammalian genome [18, 39]. However, because enhancer
regulation is highly cell-specific and temporally restricted, it is
estimated that in any given tissue, only tens of thousands of
enhancers are active at any given time [34]. Furthermore,
enhancer-dependent gene regulation involves a complex net-
work whereby single genes may be regulated by multiple
enhancers, and single enhancers may regulate the expression
of multiple genes [18]. Therefore, ChIP-seq analysis has been
paramount in understanding the complexity of enhancer-
driven transcriptional networks.
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Super-enhancers (SEs) are cis-regulatory elements contain-
ing dense regions of enhancers. SEs are identified by ChIP-
seq and distinguished from normal enhancers using the fol-
lowing criteria: (1) enhancer regions are identified by the oc-
cupation of cell-specific TFs, histone modifications such as
H3K27ac, or occupation of Med1. (2) Enhancer elements
within 12.5 kb of each other are Bstitched^ together to define
a dense region of enhancers. Typically, the median length of a
SE is 8.7 kb (versus 703 bp for normal enhancers) [22]. (3)
Identified enhancers are ranked by Med1 enrichment, and
individual enhancers are plotted on the X-axis of a graph by
Med1 enrichment (Y-axis). SEs are then defined as being to the
right of the inflection point where the slope of the line is
greater than 1, whereas enhancers plotted to the left of this
inflection point are considered Bnormal enhancers^ [22, 40].
Thus, levels of Mediator occupancy are often utilized to dis-
tinguish SEs from normal enhancers.

Numerous studies have provided evidence that SEs are
functionally distinct from normal enhancers. As stated above,
in relation to normal enhancers, SEs are typically identified by
a disproportionate enrichment of Mediator protein, Med1, in-
creased intensity of H3K27ac, or greater occupation by cell-
specific TFs [22]. Consistent with this, SEs display increased
regulation of cell-specific genes in comparison to normal en-
hancers [22, 27, 38, 41, 42]. For example, in mouse embry-
onic stem cells (ESCs), SEs regulate genes that are highly cell-
type specific including genes encoding the ESC-specific TFs
Oct4, Sox2, and Nanog [22]. Interestingly, SEs were not as-
sociated with regulating expression of housekeeping genes
[22]. However, emerging evidence suggests that SE-
regulated transcriptional programs are more strongly associat-
ed with disease pathogenesis in comparison to normal en-
hancers suggesting that targeting SE regulation may have a
clinically favorable safety profile [40, 43–46]. In line with

Fig. 1 Signal-dependent regulation of enhancer activation in cardiac
hypertrophy. Hypertrophic stimuli of cardiomyocytes activate the
respective receptors (not shown), and signals through these receptors
converge on pro-hypertrophic TFs (Gata, Mef2, Srf, and Nkx2.5).
Pro-hypertrophic TFs cooperatively bind to enhancers and recruit
enzymes, including histone acetyltransferases (HATs), resulting in
histone acetylation and recruitment of epigenetic reader proteins, such
as Brd4. Basal transcriptional machinery including the Mediator
complex and P-TEFb is further recruited to enhancers to promote

recruitment of RNA pol II and productive elongation of mRNA.
Therefore, the basal transcriptional machinery integrates TFs at
enhancers to facilitate pro-hypertrophic gene expression that is
associated with the development of HF. Inhibiting this machinery
represents a promising therapeutic target, and, specifically in the
context of heart disease, inhibitors to HDACs, Brd4, Cdk9, and
Cdk8 have displayed promising results in blunting pathological gene
expression, cardiac hypertrophy, and the development of HF. Red font
represents pharmacological inhibitors
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this, the enrichment of Mediator complex at SEs suggests that
targeting Mediator may specifically alter SE-driven transcrip-
tion and may represent a novel therapeutic target. However,
because discrepancies delineating SEs from normal enhancers
necessitate further analysis to fully elucidate the functional
differences between these cis-regulatory elements, this review
will broadly focus on enhancer-regulated transcription [40].

Current treatment for HF targets specific receptors in-
volved in transcriptional remodeling, yet activation of numer-
ous receptors converges on shared pro-hypertrophic TFs that
promote detrimental transcriptional remodeling [47]. In the
heart, pro-hypertrophic TFs, including Mef2, Gata, Nfat,
Nkx2.5, and Srf, cooperate to promote pathological transcrip-
tional programs [48]. Notably, these TFs have been demon-
strated to co-occupy enhancers resulting in activation of
cardiomyocyte-specific gene expression programs in both de-
velopment and disease [25, 49]. Because the use of enhancers
varies between cell types, reflecting their cell-specific and TF-
dependent regulation, we primarily focus on the role of en-
hancers in mediating pathological cardiac transcription and
the pharmacological interventions targeting transcriptional
machinery to inhibit enhancer-driven gene expression
programs.

Cardiac enhancer-dependent regulation
in development and disease

Characterization of ESCs, mesoderm, and fetal and adult car-
diac tissue from mice and humans from 35 epigenomic data
sets revealed the presence of over 80,000 dynamically utilized

cardiac enhancers [50]. Similar to other cell types, enhancer-
mediated regulation of transcriptional programs in
cardiomyocytes is highly cell-type specific and temporally
regulated [51]. For example, enhancers that were marked as
active (H3K27ac) or poised (H3K4me1) were largely unique
to each stage of differentiation and were accompanied by gene
expression changes that became more cardiac specific,
reflecting both cell type and temporal restriction of enhancer
utilization throughout cardiomyocyte differentiation [50].
Similarly, characterization of TFs driving enhancer-
associated gene expression revealed TFs that were also highly
specific to the stage of differentiation. For example, whereas
Oct4 was overrepresented at active enhancers in ESCs, Gata
and Mef2 were overrepresented at active enhancers in
cardiomyocytes. These results highlight dynamic and differ-
ential regulation of enhancers throughout cardiomyocyte dif-
ferentiation and further support the cell-specific and temporal-
ly restrictive manner by which enhancers regulate
transcription.

Analysis of enhancer utilization in the fetal heart has iden-
tified enhancers that are enriched with cardiac-specific TFs
associated with cardiac cell fate, including Gata4, Mef2a,
Nkx2.5, Tbx5, and Srf [52–54]. Reactivation of these cardiac
TFs under pathological conditions has been extensively dem-
onstrated to promote hypertrophic transcriptional remodeling
[47]. Therefore, pathological use of enhancers, mediated by
re-activated cardiac-specific TFs, may provide mechanistic
insight into cardiac remodeling and identify potential novel
therapeutic targets. To compare the differential use of active
enhancers in cardiac development with heart disease, ChIP-
seq analysis was performed using tissue from human fetal

Table 1 Inhibitors of transcriptional machinery used in models of cardiac hypertrophy and ischemic injury

Pharmacological target Inhibitor Species Stimulus/model Reference

BRD4 JQ1 Rat NRCM (PE, PMA) Spiltoir et al [6]

JQ1 Mouse TAC

JQ1 I-BET, I-BET-151, RVX-208, PFI-1 Rat NRCM (PE) Anand et al [7]

JQ1 Mouse TAC

JQ1 Mouse MI- and TAC-induced HF Duan et al [8]

JQ1 Rat NRCM (Hypoxia) Sun et al [9]

CDK8 Senexin A Rat NRCM (PE, ET-1) Minerath (in preparation)
CCT251545 Rat NRCM (PE)

CDK9 5,6-dichloro-1-β-D-ribofuranosylbenzimidazole (DRB) RatN RCM (ET-1) Sano et al [10]

HDAC SK-7041 Mouse Angiotensin II, TAC Kee et al [11]

TSA Mouse Isoproterenol Kook et al [12]

TSA, Scriptaid Mouse TAC Kong et al [13]

Apicidin derivative Mouse TAC Gallo et al [14]

TSA, Scriptaid Mouse Ischemia-reperfusion Grangeret al [15]

Valproic Acid Rat MI Lee et al [16]

TSA Mouse Ischemia-reperfusion (ex vivo) Zhao et al [17]
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hearts and from the septum of an adult with HF [35]. This
analysis identified 5047 and 2233 candidate active enhancers
from human fetal hearts and adult humans with HF, respec-
tively. Of the enhancers identified, 48% of active enhancers
were utilized in both human fetal hearts and adults with HF
[35]. Similarly, in mice subjected to myocardial infarction
(MI) or transaortic constriction (TAC), a subset of cardiac
enhancers that were utilized in fetal tissue were re-activated
in HF [54]. An additional study demonstrated that TAC in-
duced activation of 9207 enhancers [4]. However, of these
activated enhancers, only 5.8% overlapped with enhancers
utilized in the fetal heart [35], whereas 53.3% overlapped with
enhancers identified during cardiac differentiation of ESCs
[51]. These pathologically activated enhancers were associat-
ed with known cardiac hypertrophic pathways including met-
abolic processes and cytoskeletal organization [4]. Further
analysis of TFBSs within these TAC-activated enhancers re-
vealed a significant enrichment of Mef2c and Mef2a [4].
Additional assessment of TAC-induced enhancer activation
revealed that Gata4-dependent enhancer-driven gene expres-
sion in TAC hearts more closely overlaps with the fetal heart
(86% overlap) than the adult heart (14% overlap) suggesting a
dynamic redistribution of Gata4 in hypertrophy that resembles
fetal gene expression patterns [53]. Collectively, these studies
indicate that although some fetal enhancers are re-activated in
the context of HF, unique sets of enhancers are utilized in both
the fetal heart and HF. This partial overlap in the use of en-
hancers could be due, in part, to the inappropriate reactivation
of cardiac-specific TFs that are normally involved in estab-
lishing cardiac cell fate during development but are known to
be integral in driving pathological transcriptional remodeling
in the adult heart.

In the context of cardiac hypertrophy, cardiac-specific TFs
cooperatively drive transcriptional remodeling, a process that
is facilitated by the enrichment of TFBSs within enhancers
[34, 49, 53–59]. ChIP-seq assessment of the occupancy of
the cardiac-specific TFs Gata4, Mef2a, Nkx2.5, Tbx5, and
Srf in immortalized HL-1 atrial cells revealed that 24% of
the binding sites for these TFs were localized to candidate
enhancer regions resulting in frequent co-regulation of gene
expression [25, 49]. Furthermore, chromatin co-occupancy of
these TFs occurred at 21% of enhancer peaks with numerous
peaks containing occupancy of four or five cardiac-specific
TFs [25]. Similar to the analysis of cardiac enhancers in mice
and humans, the enhancer regions that were identified in HL-1
cells control genes involved in regulation of cardiac develop-
ment and function, including Nkx2.5, Mef2a, Tbx5, Atp2a2,
Ryr2, and Myh7 [25, 50, 60]. Importantly, these studies dem-
onstrated that combinatorial TF binding identified a large sub-
set of enhancers that are distinct from p300 occupation, a
ChIP-seq marker commonly used to identify active enhancers
(1342 of 1715 enhancers bound by multiple TFs that were
devoid of p300). Furthermore, in mouse and human fetal heart

tissue, all candidate enhancers investigated were enriched
with multiple TFBSs for cardiac-specific TFs, Gata4,
Nkx2.5, Mef2, and Srf [54]. These findings suggest that en-
hancers containing multiple TF binding sites act as a hub that
coordinates cooperative activation of gene transcription. The
basis for cooperative interactions between cardiac-specific
TFs is an ongoing area of investigation. Recent reports high-
light the necessity for transcriptional machinery in stabilizing
these interactions. For example, the interactions between
Gata4, Nkx2.5, and Tbx5 have been demonstrated to be rein-
forced by Baf60c, a component of the chromatin remodeling
complex, Brg1/Brm-associated factor (BAF) [61]. At a
cardiac-restricted enhancer, Mef2 binding sites were found
to cooperatively activate transcription mediated by an interac-
tion with the dimerized transcriptional co-activator,
myocardin [55]. These studies implicate transcriptional cofac-
tors as important regulators of cooperative transcription medi-
ated by cardiac-specific TFs.

Altogether, these studies reveal that cardiac enhancers are
differentially activated in a pathological state to drive pro-
hypertrophic gene expression and suggest that inhibiting the
general transcriptional machinery that integrates pro-
hypertrophic TFs at enhancers may represent an attractive
therapeutic target. Because co-activators and regulators of
the general transcriptional machinery are enriched at en-
hancers, various components within this machinery could be
targeted to limit pro-hypertrophic enhancer-driven transcrip-
tional responses.

HDAC-mediated chromatin remodeling
in cardiac disease models

Nucleosomes are comprised of DNA that is tightly wrapped
around histone octamers, making it inaccessible to transcrip-
tional regulators. However, acetylation of histone lysine tails
relaxes the interactions between DNA and histones, enabling
transcriptional regulators to access DNA to promote transcrip-
tion. Histone acetylation is mediated by histone acetyltrans-
ferases (HATs), enzymes that acetylate lysine residues on his-
tone tails and are opposed by histone deacetylases (HDACs),
which remove the acetyl groups. Pathological heart conditions
induce dynamic regulation of this epigenetic landscape by
modulating the activity of HATs and HDACs. As such,
HDAC classes have differential roles in regulating patholog-
ical cardiac remodeling. Class I HDACs promote transcrip-
tional remodeling mediated by differential recruitment and
inhibition of cardioprotective genes [62]. In contrast, class II
HDACs, which exhibit minimal deacetylase activity, appear to
oppose hypertrophy, in part through a physical interaction
with Mef2a [63]. In a pathological context, phosphorylation
of class II HDACs, mediated by activated CaMKII, protein
kinase D (PKD), and protein kinase C (PKC), results in
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association with 14-3-3 proteins resulting in the nuclear ex-
clusion of class II HDACs and, thus, relieving transcriptional
repression of Mef2. However, pharmacological inhibition of
HDACs with pan-HDAC inhibitors such as valproic acid,
trichostatin A (TSA), or Scriptaid reduces cardiac remodeling
induced by pressure overload, angiotensin II, isoproterenol, or
ischemic injury [11–13, 15–17]. Because class I–selective
HDAC inhibitors also blunt cardiac hypertrophy, the overall
therapeutic actions of these pan-HDAC inhibitors are likely
due to inhibition of class I HDACs [11, 14]. While inhibition
of class I HDACs would seemingly result in increased histone
acetylation and thus activation of gene expression, recent
studies demonstrate that HDAC inhibitors can repress tran-
scription by disrupting RNA polymerase II (RNA pol II)
pause-release [64, 65]. HDAC inhibitors may also repress
enhancer-driven gene expression as evidenced by reduced
synthesis of enhancer RNAs (eRNAs), which are often used
as a reliable readout of enhancer activation, resulting in de-
creased enhancer-driven gene expression [65].

Additional studies have highlighted the importance of
HDACs in regulating transcription and cardiac function inde-
pendent of histone deacetylation [66]. HDAC-mediated
deacetylation of certain TFs is necessary for their transcrip-
tional activation [65–69]. For example, deacetylated Nkx2.5
associates with p300 at the promoter of the sodium-calcium
exchanger, Ncx1, which activates its transcription [69].
Therefore, HDAC inhibition maintains Nkx2.5 acetylation,
preventing its interaction with p300, and ultimately repressing
Ncx1 expression. Furthermore, recent studies in rodent models
of HF with preserved ejection fraction (HFpEF) have demon-
strated that the class I HDAC, HDAC2, deacetylates myofi-
brils resulting in impaired myofibril relaxation and diastolic
dysfunction [70]. Altogether, HDAC inhibition studies in HF
models provided initial evidence that pharmacological inhibi-
tion of global epigenetic regulators may have a therapeutic
benefit which is likely mediated by genomic and non-
genomic actions. As HDAC-dependent transcriptional regula-
tion of pathological cardiac hypertrophy has been extensively
reviewed elsewhere [62, 71], we will not discuss it further in
this review.

Brd4-dependent regulation of cardiac
enhancers

Bromodomain and extraterminal domain (BET) proteins are
epigenetic reader proteins that contain two bromodomains that
are essential for interaction with acetylated histones. This fam-
ily consists of four proteins, Brd2, Brd3, Brd4, and Brdt, of
which Brd4 is the most thoroughly studied. Brd4 is highly
enriched at active enhancers, where it recruits P-TEFb, a pro-
tein kinase that phosphorylates RNA pol II carboxy-terminal
domain (CTD) at serine 2 (S2P), a phosphorylation event that

is crucial for productive elongation of mRNA [38, 72]. In
comparison to normal enhancers, Brd4 disproportionately oc-
cupies a limited number of SEs to regulate transcription [1, 38,
42]. Brd inhibitors competitively interact with bromodomains
to displace Brd proteins from acetylated histones and were
initially developed as anti-cancer therapeutics [73]. In hema-
tologic cancers, Brd4 associates with enhancers and SEs to
promote oncogenic transcription, which is vital for the main-
tenance of leukemia [74, 75]. Pharmacological inhibition of
Brd4 in cancer cells results in preferential eviction of Brd4
from SEs and inhibits enhancer-associated gene expression,
including that ofMyc, resulting in cell cycle arrest and cellular
senescence [1, 74, 76–78].

In the heart, Brd4 expression is induced in response to
pressure overload and myocardial infarction (MI) [6, 9], and
pharmacological inhibition of Brd4 at the onset of TAC-
induced hypertrophy blunts the development of cardiac hyper-
trophy, left ventricular (LV) dysfunction, interstitial fibrosis,
and cardiomyocyte apoptosis [6, 7]. Furthermore, RNA anal-
ysis of these hearts revealed that inhibiting Brd4 with JQ1 (a
non-selective Brd inhibitor) reduced expression of transcrip-
tional programs associated with cardiac hypertrophy, fibrosis,
and inflammation [7]. Analysis of TF signatures regulated in
the context of TAC plus JQ1 revealed that Brd4 inhibition
antagonized pro-hypertrophic TFs, including Nfat, Nfκb,
and Gata4. The JQ1-induced loss of Brd4 at promoters and
enhancers decreased the traveling of RNA pol II within the
body of genes associated with pathological cardiac remodel-
ing. This corresponded to reduced phosphorylation of RNA
pol II S2P, suggesting that inhibiting Brd4 disrupts the recruit-
ment of PTEF-b, which consequently pauses RNA pol II at
the proximal promoter. Furthermore, in cultured
cardiomyocytes, phenylephrine (PE)-induced hypertrophy
promotes the recruitment of Brd4 to SEs that are associated
with pathological gene expression [79]. Regulation of Brd4
expression in the context of hypertrophy was demonstrated to
occur post-transcriptionally by miR-9, which is downregulat-
ed in response to hypertrophic stimuli [79]. The subsequent
stabilization of Brd4 in response to hypertrophy results in its
differential recruitment to pathological SEs. Notably, a miR-9
mimic displaces Brd4 specifically from SEs regulating patho-
logical gene expression, but not from SEs associated with
constitutive gene expression, thus, demonstrating an endoge-
nous regulatory mechanism by which Brd4 selectively drives
SE-induced pathological transcription.

In mice with pre-existing HF induced by TAC or MI,
inhibiting Brd4 attenuated LV dysfunction, cardiac hypertro-
phy, and cardiac fibrosis [8]. In both HF models, subsets of
genes were similarly attenuated upon treatment with JQ1, and
pathway analysis revealed differential regulation of pathways
involved in the extracellular matrix and inflammation.
Furthermore, analysis of upstream regulators identified en-
richment of Tgf-β and Nfκb target genes. Collectively, these
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studies demonstrate that under pathological conditions, Brd4
is selectively recruited to cis-regulatory elements, including
SEs, to drive transcriptional programs associated with cardiac
hypertrophy, fibrosis, and inflammation. Inhibiting Brd4
blunts this transcriptional response and preserves cardiac
function in established HF.

Mediator-dependent regulation of enhancers
and cardiac transcription

Mediator is a large protein complex that integrates signal-
dependent transcription factors with basal transcriptional ma-
chinery [80]. The mammalian Mediator complex consists of
30 proteins that are subdivided into four subcomplexes com-
posed of three core complexes (head, middle, and tail) and a
kinase submodule, including Med12, Med13, Cdk8, and cy-
clin C, which can associate or dissociate with the core com-
plex to further modulate transcriptional regulation. Although
numerous proteins within the Mediator complex, including
the kinase submodule, are highly expressed during develop-
ment, these proteins are downregulated in differentiated cells
where the Mediator complex is thought to adopt a more sim-
plistic structure [81, 82]. However, in HF, expression of
Mediator complex components are increased [83]. Recently,
Mediator complex proteins were found to be enriched at en-
hancers [22, 44, 84]. In the context of certain cell stimuli,
including hypoxia or treatment with Tnfα, Mediator occupan-
cy is redistributed to Hif1α and Nfκb target genes, respective-
ly. While these studies assessed the binding of the Mediator
complex at promoters, the possibility that it is redistributed to
enhancers cannot be excluded. Therefore, the reactivation of
cardiac-specific TFs that co-localize and regulate transcription
of enhancer-associated genes along with the enrichment of the
Mediator complex at enhancers suggests a relationship be-
tween these two processes that contributes to the pathology
associated with HF.

While the Mediator complex has primarily been studied in
yeast and cancer cells, its role in the regulation of cardiac
transcription has not been well characterized. Despite this,
mutations in subunits of the Mediator complex have been
associated with congenital heart disease [85–89]. Genetic
mouse models have recently been developed to further delin-
eate the role of the Mediator complex in cardiac transcription-
al regulation. For example, Med1, which resides in the
Mediator core complex and interacts with TFs and nuclear
receptors to promote transcriptional activation, has been stud-
ied in mouse models [90, 91]. While cardiac Med1 is highly
expressed during development, its expression is greatly re-
duced by P14 [91]. However, in dilated cardiomyopathy car-
diac Med1, expression is re-induced in both mice and humans
[91]. Cardiac-specific deletion of Med1 results in early lethal-
ity associated with the development of heart failure, fibrosis,

and cardiomyocyte apoptosis. Furthermore, RNA sequencing
revealed that these hearts displayed altered metabolic-gene
profiles that were associated with reduced gene expression
of metabolic transcriptional regulators, including Pgc1α,
Pparα, and Esrrα. ChIP-seq analysis demonstrated that the
loss of cardiac Med1 reduced RNA pol II occupancy at
TSSs, resulting in dynamic alterations in H3K27ac at en-
hancers and SEs, which corresponded to alterations in gene
expression [92]. In addition, the inducible deletion of cardiac
Med1 in adult mice resulted in lethality and similar downreg-
ulation of TFs associated with metabolism. Therefore, these
studies suggest a role for the Mediator complex in regulating
metabolic processes that are essential for cardiac function dur-
ing heart development and in the adult heart. Because Med1 is
enriched at enhancers, it is likely that alterations in gene ex-
pression are, at least in part, due to dysregulation of cardiac
enhancers.

While Med1 is often used as a marker of enhancers, the
dissociable kinase submodule is also found at enhancers al-
though the role of the kinase submodule in regulating tran-
scription of enhancer-associated genes in the heart has yet to
be investigated. Cardiac-specific loss of the Mediator kinase
submodule protein, Med12 results in cardiac dysfunction at
P7 associated with ventricular wall thinning, reduced cardiac
contractility, and increased interstitial fibrosis [93]. RNA anal-
ysis in these hearts demonstrated that Med12 was necessary
for the regulation of cardiac transcription of genes involved in
calcium handling. Furthermore, Med12 was demonstrated to
directly interact with Mef2 to activate Mef2-dependent tran-
scription. Cardiac overexpression of another Mediator kinase
submodule protein, Med13, alters adipocyte and liver metab-
olism, presumably via a secreted factor, conferring a lean phe-
notype [94, 95]. RNA analysis of these hearts demonstrated
that Med13 regulates thyroid hormone-dependent transcrip-
tion that is vital for maintaining cardiac structure and contrac-
tility. Supporting this, using a Med13 overexpression model
and a Med13 cardiac-specific knockout model, we have dem-
onstrated that Med13 expression is necessary to preserve car-
diac function in hypothyroidism [95, 96]. Like the Mediator
core complex, these studies suggest that the Mediator kinase
submodule has an essential role in regulating transcriptional
programs necessary to maintain cardiac function.

Although Mediator complex has been demonstrated to
have a critical role in regulating cardiac transcription, its role
in regulating cardiac enhancers in a pathological context is not
fully understood. However, given the overlap in active cardiac
enhancers observed during fetal development and adult HF,
examining Mediators role in ESCs may provide insight as to
its role in disease. Specifically, Mediator co-occupies SEs in
conjunction with Oct4, Sox2, and Nanog, which are TFs es-
sential for regulating enhancer-driven ESC fate [22].
Knockdown of Med12 in ESCs results in preferential down-
regulation of SE-associated gene expression, resembling a
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gene expression profile similar to Oct4 knockdown suggest-
ing a critical role for the Mediator complex kinase submodule
in regulating enhancer-dependent gene expression [22].
Mechanistically, Med12 may regulate enhancer-dependent
transcription through the stabilization of p300 at enhancers
to promote the H3K27ac that is required for maintaining
enhancer-driven gene expression programs [97].
Additionally, Med12-dependent regulation of enhancers has
been demonstrated to occur through interaction with cohesin
to facilitate DNA looping [84]. Importantly, the loss of
Mediator in ESCs did not alter the expression of housekeeping
genes, suggesting that Mediator co-localizes with cell-specific
TFs at SEs that are vital for driving cell fate [22]. As patho-
logical cardiac remodeling is mediated by pro-hypertrophic
TFs that are enriched at enhancers during development and
disease, the role of Mediator in regulating enhancer-driven
transcriptional programs warrants further investigation.

In cancer models, including HCT116 colon cancer cells,
knockdown of Mediator complex components, Med12 or
Med13/Med13L, decreases expression of SE-associated
genes, including Myc, and reduces cell proliferation [98].
Interestingly, depletion of Mediator kinase submodule pro-
teins and Brd4 resulted in similar regulation of SEs in colon
cancer cells, whereas depletion of Brd4, but not Mediator,
displayed regulation of SEs in normal colon cells. These find-
ings suggest that unlike Brd4, Mediator specifically regulates
SEs associated with cancer progression. Furthermore, gene
expression that is sensitive to treatment with JQ1 was associ-
ated with the loss of Mediator complex at their promoters and
enhancers [99]. However, JQ1 insensitive genes displayed
Brd4 eviction at the corresponding promoters and enhancers
without concomitant Mediator eviction. This potentially sug-
gests that the therapeutic effects of JQ1 treatment in cardiac
disease models are in part mediated through the loss of
Mediator complex at promoters and enhancers that drive path-
ological gene expression. Altogether, these studies implicate
Mediator complex as a crucial regulator of enhancer-driven
gene expression in both development and disease states; how-
ever, whether this complex regulates enhancers to promote
pathological cardiac remodeling remains unclear.

Cdk8 kinase–dependent regulation
of transcription

Cyclin-dependent kinase 8 (Cdk8) is a serine-threonine kinase
and a component of the Mediator complex that exhibits both
kinase-dependent and kinase-independent actions to regulate
transcription [100]. Classically, Cdk8 was thought to exclu-
sively inhibit transcription through its association with the
Mediator core complex, which subsequently excluded RNA
pol II association with the pre-initiation complex (PIC) [101].
More recently, Cdk8 has been demonstrated to activate

transcription in a kinase-independent manner by recruiting
requisite transcriptional machinery to the PIC [102, 103].
For example, Cdk8 knockdown studies revealed that Cdk8
recruits the super elongation complex (SEC) to Hif1α via
the SEC protein Aff4, an event that promotes RNA pol II
elongation at Hif1α target genes [103]. Further studies to in-
hibit Cdk8 kinase activity demonstrate that Cdk8 regulates a
subset of hypoxia-inducible genes (~ 65%) in a kinase-
dependent manner, thus, highlighting an essential role for
Cdk8 kinase activity in modulating transcriptional responses
[104, 105]. Because Cdk8 kinase activity represents a poten-
tial pharmacological target to inhibit Mediator-dependent
transcription, we will primarily focus on Cdk8 kinase–
dependent transcriptional regulation.

Cdk8 kinase activity activates numerous transcriptional
programs, including thyroid receptor-dependent transcription
[106], and those involved in the Wnt/β-catenin [107, 108],
Tgf-β/Bmp [109], Stat1 [110], and Nfκb pathways [104].
Cdk8 kinase–dependent regulation of these pathways occurs
through diverse mechanisms, including phosphorylation of
signal-dependent TFs or general transcriptional machinery
[100]. For example, Cdk8 phosphorylates Stat1 at the
transactivation domain (ser727) to promote maximal tran-
scriptional activity [110]. In addition, phosphorylation of cer-
tain signal-dependent TFs by Cdk8 regulates their stability
and turnover [111, 112]. For instance, Cdk8-mediated phos-
phorylation of the TF sterol regulatory element-binding pro-
tein (Srebp) results in its ubiquitination and degradation,
inhibiting Srebp-dependent transcription [112]. Thus, Cdk8
kinase activity regulates transcription mediated by signal-
dependent TFs in response to various stimuli.

Cdk8 alsomodulates transcription by phosphorylating gen-
eral transcriptional machinery, including RNA pol II,
Mediator subunits, Cyclin H, and histone H3 [113–115]. For
example, HEK293 cells treated with TNFα results in recruit-
ment of Cdk8 by Nfĸb and Cdk8-dependent phosphorylation
of the RNA pol II CTD at serine 5 (S5P), which promotes
RNA pol II initiation, and S2P to promote RNA pol II
pause-release and Nfĸb target gene expression [104]. In other
contexts, Cdk8-dependent phosphorylation of cyclin H, the
requisite cyclin of Cdk7, inactivated Cdk7 and reduced
Cdk7-dependent phosphorylation of RNA pol II S5P [116].
Additionally, Cdk8 has been proposed to phosphorylate pro-
teins within the Mediator complex, including Med13, which
tethers the kinase submodule to the core complex [113, 114].
Phosphorylation of Med13 has been demonstrated to result in
Med13 ubiquitination and degradation and dissociation of the
kinase submodule from the core complex to further modulate
Mediator-dependent transcriptional regulation, which is high-
ly dependent on its structural composition. Furthermore, re-
cent Cdk8 phosphoproteomics studies in cancer cells have
identified predicted phosphorylation sites (phosphosites) on
Aff4 and negative elongation factor A (Nelfa) that are
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involved in RNA pol II pause-release although the implica-
tions of these Cdk8-dependent phosphorylation events have
not yet been tested [113]. Altogether, these studies demon-
strate the diversity through which Cdk8 kinase activity regu-
lates transcriptional programs. As a known oncogene, path-
ways and substrates regulated by mammalian Cdk8 have pri-
marily been elucidated in cancer cells [107, 108, 117].
However, numerous studies indicate that Mediator regulates
transcription in a cell- and context/stimulus-specific manner,
which suggests that Cdk8 may have additional roles in cell-
specific pathological transcriptional regulation that have yet to
be uncovered [100, 118, 119].

In the context of HF, Cdk8 expression is increased in both
humans and mice ([83], Minerath et al., data unpublished).
Furthermore, cardiac-specific overexpression of Cdk8 induces
eccentric hypertrophy and HF, and transcriptional analysis of
these hearts prior to cardiac dysfunction revealed increased
expression of fetal myofilament isoforms and decreased ex-
pression of genes involved in oxidative phosphorylation and
fatty acid biosynthesis [83]. This was partly due to the down-
regulation of TFs that are vital for maintainingmetabolic func-
tion including Pgc1α, Pparα, and Esrrα. Notably, these tran-
scriptional alterations were independent of changes in MAPK
signaling pathways that were previously implicated in cardio-
myocyte hypertrophy, suggesting that Cdk8 independently
regulates a hypertrophic transcriptional program.

Cdk8 kinase inhibitors including Senexin A (SxnA) and
CCT251545 (CCT) have been developed and assessed for
the treatment of cancer, including colon cancer and AML
[44, 120–122]. To assess the therapeutic benefit of inhibiting
Cdk8 kinase activity on transcriptional regulation in cardiac
hypertrophy, we utilized a neonatal rat cardiomyocyte
(NRCM) hypertrophy model. Pharmacological inhibition of
Cdk8 kinase activity with SxnA and CCT blunted hypertro-
phy that was induced by PE or endothelin-1 (ET-1) (Minerath
et al., unpublished). Furthermore, RNAseq analysis revealed
that inhibiting Cdk8 kinase activity in these cells suppressed
pro-hypertrophic transcriptional pathways, including integrin-
linked kinase signaling, Jak/STAT signaling, Nfat-mediated
cardiac hypertrophy signaling, and phospholipase C signaling.
Assessment of upstream regulators accounting for reversal of
hypertrophic gene expression suggests that Cdk8 inhibition
regulates transcription mediated by pro-hypertrophic TFs in-
cluding Jun, E2f1, Mef2a, and Srf. Because these TFs are
enriched at enhancers in response to hypertrophy, Cdk8 kinase
activity may have a role in driving pathological regulation of
cardiac enhancers. In line with this, assessment of Cdk8 oc-
cupancy at SEs in AML cells demonstrated a large degree of
overlap with Med1 and Brd4 [44]. Furthermore, pharmaco-
logical inhibition of Cdk8 kinase activity with cortistatin A
demonstrated that Cdk8 activity specifically represses SE-
associated genes involved in tumor suppression. Thus, using
Cdk8 Tgmodels and by inhibiting Cdk8, these studies suggest

that Cdk8 kinase activity promotes hypertrophic transcription-
al programs and therefore represents a promising therapeutic
target. While Cdk8 inhibitor studies suggest a role for Cdk8
kinase–dependent regulation of enhancers in cardiac hypertro-
phy, further studies will be necessary to fully elucidate this
mechanism.

Transcriptional kinases, cyclin-dependent
kinase 7 (Cdk7), and cyclin-dependent kinase
9 (Cdk9), in the regulation of cardiac
hypertrophic responses

Transcriptional kinases including the TFIIH kinase, Cdk7, and
the P-TEFb kinase, Cdk9, play vital roles in regulating pro-
ductive elongation of mRNA and modulating transcriptional
processes. Specifically, Cdk7 phosphorylates RNA pol II S5P,
thus, promoting the initiation of transcription. Following ini-
tiation, RNA pol II travels ~ 30–60 nucleotides downstream of
the transcriptional start site, at which point it pauses and must
be phosphorylated at RNA pol II S2P along with the phos-
phorylation of the Nelf and DRB sensitivity including factor
(Dsif) in a process known as pause-release, which allows pro-
ductive elongation [123]. The phosphorylation of RNA pol II
S2P, Nelf, and Dsif during this process is, in part, mediated by
Cdk9 [124–126].

Cdk7 expression and activity are elevated in the embryonic
heart but steadily decline in the neonatal and adult heart [10].
In response to hypertrophy induced by PE in cultured
cardiomyocytes or TAC, Cdk7 expression, but not activity,
was found to be elevated [10, 127]. Furthermore, expression
of dominant-negative Cdk7 was unable to reduce ET-1-
induced cardiac hypertrophy in cultured cardiomyocytes
[10]. Although Cdk7 regulates SEs involved in the pathogen-
esis of cancer, its role in regulating cardiac enhancers remains
unknown. In contrast to Cdk7, Cdk9 activity, but not expres-
sion, is induced in response to in vitro and in vivo hypertro-
phic stimuli [10]. Pharmacological inhibition of Cdk9 activity
u s i n g t h e i n h i b i t o r , 5 , 6 - d i c h l o r o - 1 - B - D -
ribofuranoylbenzimidazole (DRB), or genetic inhibition with
the introduction of a dominant-negative Cdk9 in cultured
cardiomyocytes, blunted ET-1-induced cardiac hypertrophy,
suggesting that Cdk9 activity is necessary for the development
of cardiac hypertrophy.

Endogenous regulation of Cdk9 activity is mediated by its
association with a small nuclear RNA, 7SK, which associates
and maintains Cdk9 in an inactive state. Upon hypertrophic
insult, 7SK rapidly dissociates from Cdk9, thus, relieving its
inhibition. Furthermore, activation of Cdk9 by cardiac-
specific overexpression of cyclin T1 (Cyclin T1 transgenic
mice) in response to TAC displayed increased fibrosis, apo-
ptosis, and HF indicating an essential role for Cdk9 kinase
activity in driving pathological remodeling [128].
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Interestingly, hypertrophic activation of Cdk9 repressed ex-
pression of master regulators of mitochondrial function, in-
cluding Pgc1 and nuclear respiratory factor-1 (Nrf1), predis-
posingmice to the development of HF. However, while Cdk9-
induced pause-release of RNA pol II has been implicated in
the induction of cardiac hypertrophy, it remains unknown
whether Cdk9 directly regulates enhancers in the heart.
However, Cdk9 has been demonstrated to occupy both en-
hancers and SEs [129, 130], and treatment of macrophages
with a Cdk9 inhibitor, flavopiridol, resulted in reduced en-
hancer activation measured by eRNA expression [131]. In
addition, inhibition of Brd4 in the heart reduced expression
of enhancer-associated genes, which was associated with re-
duced RNA pol II S2P, suggesting impaired Cdk9 recruitment
or activity at cardiac enhancers in part accounts for reduced
pathological remodeling. Collectively, these studies provide
evidence that Cdk9 may promote enhancer-driven transcrip-
tion in pathological cardiac hypertrophy.

eRNA-dependent regulation of enhancers

While the human genome encodes approximately 20,000
protein-coding genes, the number of non-coding RNAs
(ncRNAs) within the genome potentially exceeds that num-
ber, and the dysregulation or mutation of these sequences has
been a recent focus in efforts to better understand disease
etiology [132]. Recently, the discovery of small ncRNAs tran-
scribed from enhancer activation, referred to as eRNAs, has
been postulated to serve a functional role in the regulation of
enhancer-mediated transcription. Like enhancers, eRNA ex-
pression is cell-type specific [133]. Furthermore, eRNAs are
transcribed in response to stimulus-specific TFs, including
Nfκb [134]. Initially, it was unclear if eRNAs served a func-
tional role in mediating transcriptional responses or if they
were a byproduct of enhancer activation. However, evidence
from eRNA knockdown studies demonstrated that the loss of
eRNAs reduced transcription of enhancer-associated genes
[135–137].

How eRNAs regulate enhancer-driven gene expression re-
mains unknown. However, recent studies provide evidence
for mechanisms through which eRNAs stabilize enhancers
and regulate enhancer-driven gene expression. For example,
enhancers regulated by estrogen receptor produce eRNAs that
interact with cohesin to stabilize promoter-enhancer interac-
tions [138]. Furthermore, assessment of eRNA regulation by
transcriptional activators revealed that knockdown or disease-
harboring mutations of Mediator protein, Med12, resulted in
the loss of Mediator-eRNA interactions and disruption of
chromatin looping [139]. Other studies indicate that the inter-
action of Nelf, which contains an RNA-interacting domain,
with eRNAs displaces Nelf from RNA pol II and disinhibits
the pausing of RNA pol II, thus, promoting transcript

elongation [140–142]. Therefore, modulating eRNA expres-
sion to destabilize promoter-enhancer interactions may reduce
pathological enhancer-associated gene expression.

In mouse models of MI and TAC, eRNA expression is
induced suggesting that eRNAs are differentially expressed
in response to stress and may promote pathological transcrip-
tion [54]. Targeting enhancer-associated transcriptional ma-
chinery to downregulate eRNA transcription may result in
reduced enhancer-driven gene expression associated with
pathological remodeling. In line with this, inhibition of Brd4
in cancer cells reduces eRNA synthesis, consequently down-
regulating expression of neighboring genes [143].
Furthermore, it is plausible that inhibition of Mediator kinase
activity may disrupt eRNA-associated transcription. As
discussed above, Cdk8 phosphorylates and modulates the ac-
tivity of TFs that are known to associate with enhancers, such
as Nfκb. Furthermore, Med12 interaction with eRNAs was
demonstrated to activate Mediator kinase activity towards his-
tone H3 [139]. Collectively, these studies suggest a crucial
role for eRNAs in regulating enhancer stabilization and ex-
pression of enhancer-associated gene expression in response
to cellular stimuli. Because transcriptional cofactors regulate
enhancer-driven gene expression, including expression of
eRNAs, it is possible that inhibition of these cofactors results
in destabilization of enhancers in HF models. However, this
warrants further investigation in the heart.

Topologically associating domains
and chromatin organization in heart failure

Emerging evidence suggests that the organization of chroma-
tin into higher order domains, such as topologically associat-
ing domains (TADs), is vital for the nuclear organization and
coordinated regulation of gene expression [144]. Mammalian
TADs are largely established by CCCTC-binding factor (Ctcf)
which is an insulator protein that mediates long-range chro-
matin looping to insulate TADboundaries which are stabilized
by cohesin [145]. These TADs created by Ctcf organize the
genome into spatially segregated regions of kilobase to
megabase domains that promote contacts between loci within
the TAD while limiting contacts with adjacent TADs [146].
Coordination of cis-regulatory elements, including enhancer-
promoter interactions, is thought to be constrained within
TADs [147]. However, TADs separate into two larger do-
mains or compartments (compartment A (active) and com-
partment B (inactive)) which correlate with the attraction or
repulsion of TADs mediated by epigenetic marks [148].
Interactions between TADs within each compartment occur
more frequently than interactions with the opposite compart-
ment [148]. Understanding the regulation of these higher or-
der chromosomal domains in HF may provide further insight
into pathological transcriptional remodeling.
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The characterization of chromatin organization in
cardiomyocytes during development and disease has recently
been investigated. In vivo deletion of Ctcf in cardiac progen-
itor cells altered chromatin interactions resulting in altered
gene expression profiles, cardiac defects, and lethality [149].
Inducible deletion of Ctcf in the adult heart (Ctcf cKO) result-
ed in cardiac dilation, reduced ejection fraction, and cardiac
fibrosis collectively demonstrating the necessity for genome
organization in both cardiac development and maintenance of
cardiac function in the adult heart [150]. Assessment of TADs
in Ctcf cKO mice and wild-type mice in response to TAC
revealed that TAD boundaries and compartmentalization was
minimally altered in comparison to control mice. However,
the TAD boundary strength, which assesses intra- versus
inter-TAD interaction frequencies, was altered across the ge-
nome in comparison to control mice. These alterations in TAD
interactions resulted in the reorganization of enhancer-
promoter interactions at genes associated with HF, including
Nppa/Nppb and Mef2c. Collectively, these studies provide
evidence that chromatin architecture is dynamically regulated
in disease and adds to the complexity underlying transcrip-
tional remodeling. While other architectural proteins, includ-
ing Mediator complex, and long ncRNAs have been hypoth-
esized to have a role in restructuring TADs, precise mecha-
nisms governing these events are an area of future investiga-
tion [151].

Conclusions and future studies

Emerging evidence suggests that transcriptional regulation of
heart disease is mediated in part by synergistic actions of pro-
hypertrophic TFs known to drive enhancer-dependent gene
expression. Therefore, targeting the general transcriptional
machinery to limit enhancer-dependent regulation of tran-
scription may represent promising therapeutic targets for the
treatment of HF. Because a number of these factors, including
Brd4, Cdk8, and Cdk9, demonstrate increased expression,
activity, or differential recruitment to enhancers associated
with pathological remodeling, treatments may remain largely
specific to the affected cell type. Additionally, disrupting
enhancer-mediated transcription potentially does not alter the
regulation of housekeeping genes, suggesting specificity to
the regulation of genes associated with pathological remodel-
ing and potentially providing a therapeutic target for the treat-
ment of HF with minimal adverse effects. Notably, inhibitors
of these targets remain in clinical trials, and thus far there is
minimal evidence to suggest gross toxicity, similar to certain
HDAC inhibitor trials. Collectively, these studies indicate that
targeting transcriptional machinery that integrates pro-
hypertrophic TFs, especially at enhancers, may serve as a
therapeutic target to limit cardiac remodeling associated with
HF. Additional studies to evaluate regulation of chromatin

organization as well as enhancer regulation, including the role
of CDK8, transcriptional kinases, and eRNAs, may provide
essential insight to efficaciously target enhancer-mediated
transcriptional regulation.
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