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Abstract
Changes in cardiac gene expression contribute to the progression of heart failure by affecting
cardiomyocyte growth, function, and survival. The Na+ -Ca2+ exchanger gene (Ncx1) is
upregulated in hypertrophy and is often found elevated in end-stage heart failure. Studies have
shown that the change in its expression contributes to contractile dysfunction. Several
transcriptional pathways mediate Ncx1 expression in pathological cardiac remodeling. Both α-
adrenergic receptor (α-AR) and β-adrenergic receptor (β-AR) signaling can play a role in the
regulation of calcium homeostasis in the cardiomyocyte, but chronic activation in periods of
cardiac stress contributes to heart failure by mechanisms which include Ncx1 upregulation. Our
studies have even demonstrated that NCX1 can directly act as a regulator of “activity-dependent
signal transduction” mediating changes in its own expression. Finally, we present evidence that
histone deacetylases (HDACs) and histone acetyltransferases (HATs) act as master regulators of
Ncx1 expression. We show that many of the transcription factors regulating Ncx1 expression are
important in cardiac development and also in the regulation of many other genes in the so-called
fetal gene program, which are activated by pathological stimuli. Importantly, studies have revealed
that the transcriptional network regulating Ncx1 expression is also mediating many of the other
changes in genetic remodeling contributing to the development of cardiac dysfunction and
revealed potential therapeutic targets for the treatment of hypertrophy and failure.
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11.1 Introduction
The Na+-Ca2+ exchanger (NCX1) is one of the essential regulators of Ca2+ homeostasis
within cardiomyocytes and is an important regulator of contractility. NCX1 plays a critical
role in maintaining the balance of Ca2+ flux across the sarcolemmal membrane in excitation-
contraction coupling (Bers 2002). Cardiac muscle contracts in response to the rise in [Ca2+]i
which is released from the sarcoplasmic reticulum (SR) and from in flux across the
sarcolemma through voltage-sensitive channels. SR Ca2+ -ATPase (SERCA) recycles Ca2+

from the cytosol into the lumen of the SR, and NCX1 mediates the movement of [Ca2+]i
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across the sarcolemma to the extracellular space. The exchanger catalyzes the electrogenic
exchange of Ca2+ and Na+ across the plasma membrane in either the Ca2+ -in flux or Ca2+-
efflux mode. NCX1 transports approximately 28% of the cytosolic Ca2+ during a
contraction-relaxation cycle in large animals and humans, with 70% being reaccumulated in
the SR (via SERCA) (Bassani and Bers 1994; Bers and Bridge 1989; Bers et al. 1990).
Alterations in any of the activities associated with this complex process cause a
corresponding change in the amount of Ca2+ released from the SR and the resulting force of
cardiac contraction.

Heart disease can arise from either congenital abnormalities or a combination of acquired
longstanding disorders such as hypertension, injury resulting from myocardial infarction, or
myocarditis due to an infectious agent. Pathological stimuli such as prolonged mechanical
stress or abnormal neurohumoral activation result in an increase in ventricular wall stress,
necessitating an increase in contractile Ca2+ to maintain cardiac output. These stimuli induce
a phase of cardiac hypertrophy in which individual cardiomyocytes increase in size and
assembly of sarcomere proteins as a mechanism of augmenting cardiac output. But
persistent pathological stress on the heart leads to continued hypertrophic growth and
remodeling characterized by interstitial fibrosis, reexpression of cardiac embryonic genes,
and transition to heart failure, arrhythmia, and sudden death (Molkentin and Dorn 2001).
The exchanger is regulated at the transcriptional level in animal models of cardiac
hypertrophy (Kent et al. 1993; Menick et al. 1996), ischemia, and failure (Studer et al. 1997;
Hobai and O’Rourke 2000; Pogwizd et al. 2001; Sipido et al. 2002; Ahmmed et al. 2000;
Litwin and Bridge 1997). Importantly, both NCX1 mRNA and protein levels are
significantly upregulated in human end-stage heart failure (Hasenfuss et al. 1994, 1996,
1997; Studer et al. 1994). The diastolic performance of failing human myocardium
correlates inversely with protein levels of NCX1 (Hasenfuss et al. 1999), and upregulation
of the NCX1 gene (Ncx1) alone contributes directly to impaired SR loading and contractile
dysfunction (Schillinger et al. 2000; Ranu et al. 2002). Studer et al. have demonstrated that
there is an increase of NCX1 and a decrease in SERCA mRNA and protein in patients with
dilated cardiomyopathy and coronary artery disease (Studer et al. 1994).

The cardiomyocytes sense many of the pathological stimuli outlined above either by
membrane-bound receptors which are targets of the hormones, cytokines, or by growth
factors and initiate intracellular signaling cascade in response to their binding. These signal
transduction pathways mediate the cardiac growth/disease response affecting nuclear factors
and the regulation of gene expression. Most of the efforts of trying to suppress the
pathological outcomes of hypertrophy and heart failure have focused on the signaling
pathways that alter gene expression. The paracrine/autocrine actions of growth factors such
as transforming growth factor-β (TGF β) and connective tissue growth factor (CTGF),
cytokines such as TNF-α, as well as neurohormonal mediators such as norepinephrine,
acetylcholine, phenylephrine, endothelin-1, and angiotensin II can all activate cardiac
hypertrophy. Treatment of neonatal or adult cardiomyocytes with TGFβ, TNF-α,
endothelin-1, or angiotensin II induces profound changes in cardiac gene expression
including the reexpression of fetal isoforms of contractile proteins including β-myosin heavy
chain, α-skeletal actin, and increased production of “stress markers” such as atrial
natriuretic factor (ANF) and B-type natriuretic peptide (BNP) (Sadoshima and Izumo 1993a,
b). Although endothelin-1 enhances Ncx1 expression in renal epithelial cells, angiotensin II
upregulates Ncx1 in vascular smooth muscle cells (Kita et al. 2004) and TNF-α induces
significant increases in Ncx1 expression in human airway smooth muscle; treatment with
TGFβ, TNF-α, endothelin-1, or angiotensin II does not alter the expression of NCX1 in
adult cardiocytes (Mani, S. and Menick D. R. unpublished). What controls NCX1 expression
in the heart? Unraveling these pathways should give us a better understanding of this
complex process at the molecular level and reveal novel therapeutic targets for the
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prevention of adverse cardiac remodeling, cardiac hypertrophy, ischemia-reperfusion injury,
and heart failure. In this chapter, we introduce recent findings on the signal transduction
pathways, signaling factors, and transcription factors, which regulate Ncx1 gene and
contribute to the pathological process of heart failure.

11.2 α-Adrenergic Receptor-Stimulated Ncx1 Upregulation
α- and β-adrenergic agonists play a major role in regulating cardiac metabolism and
function. α-adrenergic stimulation stimulates chronotropic and inotropic effects on the heart
and can activate many of the hypertrophic growth pathways in isolated adult and neonatal
cardiomyocytes (Lee et al. 1988). The Ncx1 gene contains three promoters (H1, K1, and
Br1) and multiple 5′-untranslated exons upstream from the coding region. As a result of
alternative promoter usage and the resulting alternative splicing, there are multiple tissue-
specific variants of NCX1 (Barnes et al. 1997; Lee et al. 1994; Kofuji et al. 1993; Quednau
et al. 1997). In our initial characterization of the NCX1 cardiac promoter (Barnes et al. 1996,
1997), we demonstrated that a construct containing the first 250 bp of the 5′-flanking
region, H1 exon, and 67 bp of the first intron is sufficient for cardiac-directed expression
and α-adrenergic stimulation of the luciferase reporter gene. We have since shown that a
construct containing only 184 bases of the 5′- flanking region, H1 exon, and 67 bp of the
first intron is not only sufficient for cardiac-directed expression but also for α-adrenergic
stimulation of the luciferase reporter gene (Xu et al. 2006). This is also in agreement with
what has been reported for the rat Ncx1 minimal promoter (Nicholas et al. 1998). There are
consensus sequences for a number of potential DNA-binding factors in the Ncx1 cardiac
minimal promoter (Fig. 11.1). There are two potential binding sites for the GATA family of
zinc- fingered transcription factors (A/T) GATA(A/G) and two CANNTG motifs (E-boxes)
which are potential target sites for the basic helix-loop-helix (bHLH) family of transcription
factors. This region also contains a single myocyte enhancer factor 2 (MEF-2) element, a
CArG element, and a binding site for the cardiogenic homeodomain factor Nkx-2.5. It is of
interest to note that the sequence of both GATA elements, CArG element, MEF element,
and −153 E-Box are perfectly conserved in the feline and rat Ncx1 promoter (Nicholas et al.
1998). The mutational analysis revealed that both the CArG box at −80 and the GATA
element at −50 were required for expression in rat neonatal cardiomyocytes but were not
required for α-adrenergic induction (Cheng et al. 1999). In contrast to what we found in
neonatal cardiomyocytes, the −80 CArG element mediates a part of the α-adrenergic-
stimulated upregulation and is required for Ncx1 upregulation in response to p38 stimulation
in isolated adult cardiomyocytes (Xu et al. 2005).

11.3 β-Adrenergic Receptor-Stimulated Ncx1 Upregulation
β-adrenergic receptor activation is common during times of cardiac stress. Initially, this
leads to increases in heart rate and contractility contributing to increased cardiac output.
However, chronic β-AR stimulation leads to changes in cardiac gene expression and
eventual heart failure. In congestive heart failure, the heart is under intense sympathetic
stimulation with very high levels of circulating norepinephrine (Bristow 2000; Vatner et al.
2000). The changes in gene expression with chronic β-AR stimulation are the same as what
is observed in heart failure (Lowes et al. 2002; Rothermel et al. 2001; Sucharov et al. 2006).
Ncx1 is upregulated at both the transcriptional and protein levels with β-AR stimulation in
neonatal rat cardiomyocytes and in the adult rat heart (Golden et al. 2000, 2001). β-AR-
stimulated upregulation of Ncx1 is largely dependent on CaMKII activation in the adult
heart (Mani et al. 2010). β-AR-stimulated changes in cardiomyocyte gene expression are
classically mediated by the cAMP-responsive element-binding protein (CREB) and
activating protein-1 (AP-1) transcription factors which bind respectively to CRE and AP-1
promoter elements which are present in the Ncx1 promoter (Fig. 11.1). Although CREB is
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phosphorylated by β-AR stimulation in adult cardiomyocytes, it does not mediate Ncx1
upregulation. Mutation of the Ncx1 promoter AP-1 elements demonstrates that although no
specific AP-1 element is required, retention of a single AP-1 element is sufficient for the
majority of the β-AR-stimulated upregulation (Mani et al. 2010). Chromatin
immunoprecipitation (ChIP) analysis demonstrates that β-AR stimulation activates an
ordered recruitment of JunB, between 30 and 60 min, which then is replaced by c-Jun
(between 2 and 6 h) binding to either the −546 AP-1 or −581 AP-1 element of the
endogenous Ncx1 promoter (Mani et al. 2010).

β-AR activation is one of the most important pathways regulating E-C coupling in the heart.
β-AR stimulation results in increased amplitude and rate of cardiomyocyte [Ca2+]I at each
beat resulting in increased contractility. Calcium-/calmodulin-dependent kinase II (CaMKII)
is activated by β-AR stimulation in response to the increase in level and frequency of
calcium transients (for review (Maier and Bers 2002)). There are four CaMKII isoforms, α,
β, γ, and δ. CaMKIIδ is the predominant form in the heart, and the α- and β-isoforms are
expressed only in nerve tissue (Tobimatsu and Fujisawa 1989). CaMKII phosphorylates
several downstream targets in common with cAMP-activated PKA including the ryanodine
receptor, phospholamban, and L-type Ca2+ channel complex and thus also plays an
important role in regulating E-C coupling in the heart (Lindemann et al. 1983; Takasago, et
al. 1989; Karczewski et al. 1997; Maier and Bers 2002). CaMKII has also been shown to
phosphorylate Na+ channels, which may contribute to arrhythmogenesis in heart failure
(Wagner et al. 2006). CaMKII is activated in hypertrophy and has been shown to induce
dilated cardiomyopathy and heart failure (Zhang et al. 2003; Hoch et al. 1999). In addition
to acutely modulating calcium in flux, SR calcium release and uptake, chronic activation of
CaMKII results in the induction of the fetal gene program, which is expressed in cardiac
hypertrophy and failure. Our findings that β-AR-stimulated Ncx1 upregulation is dependent
on CaMKII further illuminate the important role CaMKII has in the chronic dysregulation of
cardiac Ca2+ homeostasis and E-C coupling. Transgenic overexpression of the cytosolic
splice variant, CaMKIIδc, induces severe heart failure associated with SR Ca2+ leak and
reduced SR Ca2+ content (Zhang et al. 2003). Correspondingly, the upregulation of Ncx1
contributes directly to limiting SR loading, contractile dysfunction, and greater potential for
delayed afterdepolarizations, which lead to ventricular tachycardia (Pogwizd et al. 1999,
2001; Schillinger et al. 2000; Ranu et al. 2002). Further, numerous studies of human and
animal models of heart failure demonstrate that diastolic performance in the failing heart
correlates inversely with protein levels of NCX1 (Hasenfuss et al. 1999; Pogwizd et al.
1999; Weisser-Thomas et al. 2005). Importantly, inhibition of CaMKII activity prevents
cardiac arrhythmias and suppresses afterdepolarizations (Anderson 2004). Dysregulation of
Ncx1 expression can be added to the list of downstream adverse effects of chronic β-AR
stimulation events mediated by the activation of CaMKII.

11.4 Identification of Regulatory Elements Mediating In Vivo Cardiac-
Specific Expression and Upregulation

From our in vitro studies, we proposed that Ncx1H1 promoter regulates expression in the
heart, the K1 promoter regulates expression in the kidney, and the Br1 promoter regulates
expression in the brain as well as low-level ubiquitous expression. In order to test whether
the H1 promoter directed the correct spatiotemporal pattern of Ncx1 expression in the
developing and adult heart, we engineered a transgenic mouse model with the −1,831 to 67
bp of intron 1 encompassing exon H1 for the feline Ncx1 gene. The full-length 1831Ncx1H1
promoter was expressed in a heart-restricted pattern both in early embryos (E7.75–E14) and
in late embryos (post-E14) when Ncx1 is expressed in other tissues (Muller et al. 2002).
Ncx1 -driven reporter gene expression was detected in the cardiogenic plate by E7.75–E8.0,
before the first heartbeat. The spatiotemporal expression of the reporter is identical to that
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previously described for endogenous Ncx1 (Koushik et al. 1999). High levels of reporter
gene expression were restricted to cardiomyocytes in both ventricles and atria in the adult
heart. No reporter gene activity was detected in the kidney, liver, spleen, uterus, or skeletal
muscle, but trace activity was detected in the brain. Importantly, there was a twofold
upregulation of Ncx1H1 promoter activity in the left ventricle after 7 days of transverse
aortic constricted induced pressure overload compared with both sham and control animals
(Muller et al. 2002).

The minimal (184Ncx1) promoter drives reporter gene expression at levels three- to fourfold
greater than the 1831Ncx1 promoter in both neonatal and adult cardiomyocytes (Xu et al.
2006) because of the deletion of putative repressor elements distal to the minimal 184-bp
promoter construct (S. Mani, L. Xu, and D. R. Menick, unpublished data). As discussed
above, the 1831Ncx1 promoter is upregulated in response to α-adrenergic and β-adrenergic
stimulation in both adult and neonatal cardiomyocytes and responsive to pressure-overload
hypertrophy in the adult heart. However, the 184Ncx1 promoter is upregulated in response
to α-adrenergic stimulation in neonatal cardiomyocytes but is recalcitrant to α-adrenergic
and β-adrenergic stimulation in adult cardiomyocytes.

To test whether the Ncx1 minimal promoter contains sufficient DNA regulatory elements to
direct cardiac-specific expression, we established 184Ncx1 -β-galactosidase transgenic
mouse lines. The data revealed that the 184Ncx1 minimal promoter retains the necessary
enhancer elements to drive the correct spatiotemporal pattern of Ncx1 expression in
development but not for upregulation in response to pressure overload. Our data show that at
least a single distal AP-1 element is required for the majority of the β-AR-stimulated
upregulation (Mani et al. 2010). This AP-1 element may also be required for upregulation of
Ncx1 expression in response to pressure overload. Mutational analysis revealed that both the
−80 CArG and the −50 GATA elements were required for expression in isolated adult
cardiomyocytes (Cheng et al. 1999). ChIP assays in adult cardiocytes demonstrate that SRF
and GATA4 are associated with the proximal region of the endogenous Ncx1 promoter.
Transgenic lines were established for the 1831Ncx1 promoter-luciferase containing
mutations in the 221280 CArG or −50 GATA element. No luciferase activity was detected
during development, in the adult, or after pressure overload in any of the −80 CArG
transgenic lines. Therefore, the –80 CArG element appears to be critical to Ncx1 cardiac
expression and regulation (Xu et al. 2006). The Ncx1 −50 GATA mutant promoter was
sufficient for driving the normal spatiotemporal pattern of Ncx1 expression in development
and for upregulation in response to pressure overload, but importantly, expression was no
longer cardiac restricted. Our work demonstrates that the −50 GATA element is critical for
cardiac-restricted expression of Ncx1 (Xu et al. 2006).

11.5 NCX1 Acts as a Regulator of Activity-Dependent Transcription
Many studies have demonstrated that NCX1 inhibitors can act as positive inotropic drugs for
the treatment of ischemia-reperfusion injury and congestive heart failure (Hobai et al. 2004;
MacDonald and Howlett 2008; Ozdemir et al. 2008; O’Rourke 2008). All three
benzyloxyphenyl NCX inhibitors, KB-R7943, SN-6, and SEA-0400, have been reported to
confer some cardioprotective effects against ischemia-reperfusion injury and heart failure.

Although KB-R7943, SN-6, and SEA-0400 have been utilized in a variety of animal and cell
models, most studies have focused only on the acute effects on INCX1 and Ca2+ homeostasis.
The potential for modulation of NCX1 activity to correct the impaired contractile properties
seen in diseased cardiomyocytes makes it an extremely attractive target for therapeutic
intervention. However, these studies primarily focus on acute treatment with NCX1
inhibitors. Interestingly, cardiac NCX1 expression is increased at both the transcriptional
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and protein levels in response to chronic inhibition of NCX1 activity with KB-R7943. The
level of upregulation is similar to what we have observed with pressure-overload
hypertrophy (Muller et al. 2002). Ncx1 upregulation is mediated by p38, which is activated
within 5 min of KB-R7943 treatment and persists for more than 72 h (Fig. 11.1). These
studies impart compelling insight into the regulation of NCX1 function and expression.
Importantly, treatment of adult cardiomyocytes with a second NCX1 inhibitor, SN-6 (Niu et
al. 2007), also results in activation of p38.

11.6 Regulation of NCX1 Expression by HDACs and HATs
The reversible acetylation of histones plays a critical role in gene regulation as well as many
other nuclear events. Protein acetylation is regulated by histone acetyltransferases (HATs),
while protein deacetylation is regulated by histone deacetylases (HDACs). Many
transcriptional activators are HATs or recruit HATs, allowing acetylation to be targeted to
specific gene promoters. Conversely, HDACs are associated with transcriptional repressor
complexes, which are also recruited to specific gene promoters. There is a rapidly growing
list of nonhistone nuclear and cytosolic proteins that undergo reversible acetylation (Minucci
and Pelicci 2006; Yang and Gregoire 2005). These findings have established that acetylation
of nonhistone proteins plays multiple roles in the regulation of many cellular processes.

Interestingly, α-adrenergic, β-adrenergic, and pressure-overload-stimulated Ncx1
endogenous and reporter gene expression is inhibited in a dose-dependent manner by the
class I/IIb HDAC inhibitor trichostatin A (TSA). In addition, only overexpression of the
class IIb HDAC, HDAC5, resulted in significant upregulation of both the promoter-
luciferase activity as well as the endogenous Ncx1 gene. Although HDACs are classically
regarded as transcriptional repressors, there is mounting evidence that HDACs can serve to
activate some genes, often through the direct deacetylation of transcription factors
(Zupkovitz et al. 2006; Qiu et al. 2006; Nusinzon and Horvath 2006). Our co-
immunoprecipitation data show that HDAC5 is in complex with HDAC1 and HDAC2, and
ChIP demonstrates that HDAC1, HDAC2, and HDAC5 are recruited to the Ncx1 promoter
by the Nkx2.5 transcription factor (Fig. 11.1). Overexpression of HDAC5 appears to
decrease the level of HDAC1 and HDAC 2, whereas TSA treatment increases the level
HDAC1 and HDAC 2 bound to the Ncx1 promoter. This suggests that association of
HDAC5 with HDAC1 facilitates the deacetylation of a transcription factor associated with
the Ncx1 promoter resulting in their dissociation from the promoter, but inhibition of HDAC
activity prevents this. Our results demonstrate that Nkx2.5 is acetylated in adult
cardiomyocytes and that TSA treatment dramatically increases this acetylation. We
demonstrate that when Nkx2.5 is acetylated, it is found associated with HDAC5, whereas
deacetylated Nkx2.5 is in complex with the histone acetyltransferase p300. Importantly,
TSA treatment prevents p300 from being recruited to the endogenous Ncx1 promoter
resulting in the repression of Ncx1 expression.

Based on our finding, we speculate that the Ncx1 promoter cycles through at least four
kinetic steps of transcriptional competency, which we are currently experimentally testing
(Fig. 11.2). The first step is a low transcriptional activity state (1) where acetylated Nkx2.5
recruits HDAC5 to the promoter. HDAC5 then complexes with HDAC1 and HDAC2, which
mediates the deacetylation of Nkx2.5. Nkx2.5 deacetylation triggers the shift to the second
kinetic step, the “transition state.” Importantly, TSA inhibits the transfer from the low-
activity state (1) to the transition state (2). TSA treatment should trap all the cardiomyocyte
Ncx1 promoters in the low transcriptional activity state (1). In the transition state, the
HDAC 1/5 complex dissociates from the promoter and p300 in complex with coactivators is
recruited to the promoter. The promoter is now in the high transcriptional activity state (3).
We speculate that p300 bridges the transcription factors and coactivators with the
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preinitiation complex, stabilizing it at the initiation site and helps promote Pol II
phosphorylation. As we have previously demonstrated, the makeup of the coactivators and
transcription factors recruited to the Ncx1 promoter would depend on which signaling
pathways were activated. Therefore, the combinatorial recruitment of coactivators would
determine the extent and duration of Ncx1 transcriptional activation. We predict that the
acetylation of Nkx2.5 by p300 results in its dissociation from the promoter and the
subsequent recruitment of HDAC5 (transition state 4). This would cycle the promoter back
to its low-activity state (1). Our model does not propose that HDAC5 is itself a coactivator
but that HDAC5 is required for the recruitment of coactivators to the Ncx1 promoter in
response to hypertrophic stimuli. The HDAC5-dependent recruitment of coactivators to the
promoter in state (3) of our model determines the transcriptional productivity and duration
of the high transcriptional state. This cycling between low transcriptional activity and high
transcriptional activity states allows the cell to continuously regulate transcription in
response to physiological and pathophysiological stimuli through restricting the duration of
the high-activity state (3). Importantly, HDAC and HAT activity appears to act as a
dominant regulator over many if not all the pathways that mediate NCX1 expression.
Inhibition of HDAC activity trumps both α-adrenergic and β-adrenergic and more
importantly prevents Ncx1 upregulation in the pressure-overloaded ventricle. This is clearly
one of the reasons that HDAC inhibitor treatment has been found to be efficacious in several
preclinical models of cardiac hypertrophy and failure.

11.7 Conclusions
The process of pathological cardiac hypertrophy involves the change in expression of many
genes activated by multiple receptors triggering intracellular signaling cascades that activate
transcription factors, enhancers, and repressors. Work over the past 15 years has made major
advances in the identification of the molecular regulators involved in Ncx1 expression in the
normal and hypertrophic heart. The MAP kinase, p38, is required for both α-adrenergic-
stimulated and NCX1 activity-dependent upregulation. p38 appears to mediate Ncx1
regulation through SRF activation which binds to the −80 CArG site of the Ncx1 promoter.
Although the −80 CArG element is required for upregulation, the 184Ncx1 minimal
promoter is recalcitrant to α-adrenergic-stimulated and NCX1 activity-dependent
transcription. Further, the 184Ncx1 minimal promoter does not contain the necessary
enhancer elements to drive upregulation in response to pressure overload. Therefore, one or
more distal elements, possibly one or more of the AP1 elements, required for β-adrenergic-
stimulated upregulation, are requisite with the −80 CArG for hypertrophic upregulation.

HDACs appear to act as master regulators of Ncx1 expression in the adult heart. Inhibition
of class I and class IIb HDACs prevents Ncx1 upregulation by α-, β-adrenergic stimulation,
activity-dependent transcriptional activation and, most importantly, pressure overload.
Notably, HDAC inhibition has been shown to attenuate pathological cardiac remodeling in
several preclinical models of cardiac hypertrophy and failure. In addition to blocking ncx1
upregulation, it prevents the dysregulation of many other cardiac genes and highlights the
potential for using HDAC inhibitors in the treatment of heart failure (McKinsey 2012).
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Figure 11.1.
Agonist-specific regulation of Ncx1. β-AR agonist isoproterenol (1 µM) or dobutamine (1
µM) activates CaMKinase II which then activates JunB and c-Jun, which sequentially binds
to AP-1 elements and activates Ncx1 expression. α-AR agonist phenylephrine (10 µM)
activates SRF via MAP kinase-p38 activation. SRF binds to CArG elements and mediates
Ncx1 upregulation. HDACs regulate Ncx1 via the NKE element by deacetylating Nkx2.5.
Inhibition of NCX1 by its reverse mode inhibitor KB-R7943 activates Ncx1 upregulation
via activating MAP kinase p38 pathway
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Figure 11.2.
Regulation of Ncx1 gene by HDAC’s. Model for the role of acetylation in Ncx1
transcriptional regulation. We speculate that the Ncx1 promoter cycles through at least four
kinetic steps. Step 1: Acetylated Nkx2.5 recruits HDAC5, HDAC1, and HDAC2 complex to
the promoter. The presence of the HDAC complex allows for low levels of Ncx1 expression.
Step 2: When the HDAC complex deacetylates Nkx2.5, HDAC5, HDAC1, and HDAC2
dissociate from the promoter and the HAT, p300, is recruited to the promoter. Step 3: p300
and its associated coactivators stabilize the Poll II complex to allow a high level of
transcription of the Ncx1 gene. Step 4: When p300 acetylates Nkx2.5, it dissociates from the
promoter and HDAC5, HDAC1, and HDAC2 are recruited to the promoter. Importantly,
TSA treatment traps the Ncx1 promoters in the low transcriptional state. HDAC5 is not itself
a coactivator, but deacetylation of Nkx2.5 is required for the recruitment of activators to the
Ncx1 promoter in response to hypertrophic stimuli
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