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1. Introduction

1.1.Causes

Adult cardiac disease is the most frequent cause of mortality in the western world where death, 

as a result of heart failure, is more prevalent than all disorders combined.  Heart failure can be 

defined as a deficiency in the ability of the heart to pump an adequate supply of blood around 

the body which can be exemplified by cardiomyopathies. Hypertrophic Cardiomyopathy 

results due to pathological thickening of the heart muscles(sarcomeres replicate) /cardiac 

hypertrophy. Several(around 600) mutations have been identified in sarcomeric  as well as 

other modifier genes that precipitate Hypertrophic  cardiomyopathy. Our lab has also 

identified several novel mutations in the sarcomeric genes in the Indian population which 

could  correlate to the  epigenetics of the genes.Epigenetic changes like histone  acetylation 

and  DNA methylation are transient and involves no base changes. Recently, multiple 

transcriptional pathways have been identified involved in cardiac hypertrophy  along with 

epigenetic modifications . Here we have tried to concentrate upon the role of his tone 

acetylation and associated transcription factors in cardiac hypertrophy with respect to 

Hypertrophic Cardiomyopathy for the identification of therapeutic targets in molecular 

pathways . We hypothesise that apart from the pathways reviewed below, several others are yet 

to be unearthed for a greater understanding. Of special interest is the fact that reactivation of 

fetal genes leads to cardiac hypertrophy which is possible due to the interplay of transcription 

factors and histone acetyl transferase/histone deacetylases. Also, the pathways are highly 

complex since some classes of HDAC promote hypertrophy while others repress. Several 

therapeutic targets have been identified and many drugs against HCM are in variable stages of 

clinical trials with respect to histone deacetylases and transcription factors. 
Keywords: Cardiac hypertrophy, cardiac fetal genes, transcription factors, histone 

acetylation/deacetylation

Cardiomyopathy, which literally means "heart muscle disease," 

is the deterioration of the function of the myocardium (i.e., the 

actual heart muscle). Hypertrophic cardiomyopathy (HCM) is a 

disease of the myocardium (the muscle of the heart) in which the 

myocardium is hypertrophied (thickened).The thickening of the 

cardiac muscle forces the heart to work harder to pump blood. This 

condition is often associated with an abnormal heartbeat 

(arrhythmia) and can lead to heart failure and sudden death 

,especially among young athletes.The heart muscles thicken due to 

the relication of sarcomeres(contractile elements). It is frequently 

asymptomatic until sudden cardiac death. In addition, the normal 

alignment of muscle cells is disrupted, a phenomenon known as 

myocardial disarray.  

Hypertrophic growth accompanies many forms of heart 

disease, including ischemic diseases, myocardial infarction, 

hypertension, aortic stenosis, and valvular dysfunctions. Although 

the initial hypertrophic responses seem to be an adaptation to 

those stimuli, the sustained stress may lead to cardiomyopathy 
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2. Histone Deacetylases

2.1.Histone acetylation and cyclin  kinase inhibitors

3.Role Of Fetal Genes In Hypertrophy

 CoREST co-repressor complexes [9,10]. Hdac3, which is 

structurally related to Hdac1 and Hdac2, is a component of the 

NCoR-SMRT co-repressor complex [11].

Class II HDACs (HDAC4, -5, -7, and -9) are highly expressed in 

muscle, brain, and T cells. They recruit Class I HDAC for 

deacetylation through MITR, a splicing variant of HDAC 9 [12]. 

Class II HDACs (HDAC4 and 5), are Ca/calmodulin-dependent 

kinase (CaMK)-responsive repressors of hypertrophic signaling 

stimulated by calcineurin .Class II HDAC levels do not appear to 

change in stressed myocardium [13,14]. Instead, these HDACs are 

shuttled from the nucleus to the cytoplasm in response to stress , 

which provides a posttranslational mechanism which will be 

discussed under MEF-2. HDAC11 is considered to be structurally 

diverse enough from the other Zn+-dependent HDACs to be 

classified as a separate class (class IV)  [15]. Class III HDACs are 

related to the yeast HDAC, silent information regulator 2, and use 

nicotinamide adenine dinucleotide as a co-substrate [16].

It was suggested that different classes of HDACs suppress 

distinct sets of hypertrophic program-influencing genes. For 

example, class II HDACs suppress pro-hypertrophic genes, 

whereas  class I HDACs might repress expression of anti-

hypertrophic genes. There is evidence for a potential role of class I 

HDACs in cardiac growth, but the mechanism is still undefined and 

even less clear than for class II HDACs [17,18].  Forced 

overexpression of class II HDACs 5 or 9 in cardiac myocytes 

prevents hypertrophy in response to diverse agonists such as 

pressure overload or introduction of the calcineurin transgene 

[13,14,19,20]. Specific histone deacetylases (HDACs) can hence 

play a positive and  negative role in determining cardiac myocyte 

size [21].

The HDAC targets identified in cardiomyocytes include several 

genes related to cell growth or differentiation that might play an 

important role in heart function. In addition to Itpr3 and Jag2, such 

genes include those for G protein–coupled receptors (Senr, Gbl), 

regulators of cytosolic Ca2+ concentration (phosphodiesterase, 

Pik4cb, Pacsin1), and mediators of growth signaling (Ccnd1, 

Runx1, Fosl1, Il11, Oct11, Sox6). These various genes are under 

epigenetic control in cardiomyocytes.

and heart failure, a major cause of human morbidity and mortality. 

Cardiac hypertrophy  is also induced by chemical inducers like 

isoproterenol/angiotensinII / phenylephrine(in presence of p300 

and CBP) ,swimming , reactive oxygen species, TNFα, myotrophin, 

phenylephrine, endothelin-1, and angiotensin II.

Epigenetic modification of chromatin includes methylation of 

genomic DNA as well as acetylation, methylation, and 

phosphorylation of histone proteins. Such epigenetic changes play 

important roles in the regulation of gene transcriptional activity 

associated with cell growth and differentiation as well as with 

organ development [1-3]. In eukaryotes, histone-dependent 

packaging of genomic DNA into chromatin is a central mechanism 

for gene regulation. The basic unit of chromatin, the nucleosome, 

comprises DNA wrapped around a histone octamer. Nucleosomes 

interact to create a highly compact structure that limits access of 

transcriptional machinery to genomic DNA, thereby repressing 

gene expression [4]. Histone acetyltransferases (HATs) and 

histone deacetylases (HDACs) act in an opposing manner to 

control the acetylation state of nucleosomal histones . Acetylation 

of the conserved amino-terminal histone tails by HATs is thought 

to relax nucleosomal structure by weakening the interaction of the 

positively charged histone tails with the negatively charged 

phosphate backbone of DNA, allowing access of transcriptional 

activators and gene induction. Histone deacetylases (HDACs) 

counteract HAT activity by catalyzing the removal of acetyl 

moieties from lysine residues in histone tails, thereby inducing 

chromatin condensation and transcriptional repression[5].It is 

becoming increasingly evident that histone deacetylases (HDACs) 

have a prominent role in the alteration of gene expression during 

the growth remodeling process of cardiac hypertrophy. HDACs are 

generally viewed as corepressors of gene expression.

This review tries to focus on the interaction of various 

transcription factors and HAT/HDACs that reactivate fetal genes; 

overexpress/repress other cardiac muscle genes and on the trials 

to treat cardiac hypertrophy.It looks into how several transcription 

factors act as central points onto which many molecular pathways 

converge.

Mammalian HDACs can be divided into four classes based on 

their sequence motifs and catalytic mechanisms [6,7]. Class I, II, 

and IV HDACs are evolutionarily related Zn+-dependent 

hydrolases. The members of class I (HDAC1, -2, -3, and -8) are 

expressed ubiquitously and consist mainly of a deacetylase 

domain are involved in hypertrophy , especially HDAC1&2. The 

role of Hdac3 has been less well explored. Whether Hdac3 

participates in mediating the effects of HDAC inhibitors in the heart 

or plays an independent role in cardiac development, growth, and 

hypertrophic response is presently unknown. Interestingly, Hdac1 

and Hdac2 display evidence of redundancy with regard to the 

regulation of cardiac development and morphogenesis; combined 

loss of Hdac1 and Hdac2 in cardiac myocytes results in complete 

perinatal lethality due to severe cardiac defects in excess of that 

seen in either individual knock-out [8].This may suggest a similar 

evolution pattern of HDAC1& 2 genes to Hb genes / pseudogenes. 

The overlapping functions of Hdac1 and Hdac2 may be due, at least 

in part, to their co-existence within the same Sin3A, NuRD, and

 The withdrawal of postnatal cardiomyocytes from the cell cycle 

is linked to significant down-regulation of cyclins, CDKs, and E2F 

transcription factors and to up-regulation of the negative 

regulators of cell cycle progression including FOX-1 dependent 

activation of  Cdkn1a, Cdkn1b, Cdkn1c, and Cdkn2c [22,23]. Hdac3 

overexpression in cardiac myocytes suppresses Cdkn1a, Cdkn1b, 

Cdkn1c, Cdkn2b, and Cdkn2c mRNA expression neonatal P1 hearts 

leading to increased cardiomyocyte hyperplasia without 

hypertrophy [24].  Absence of HDAC1 leads to elevated levels of 

CKI p21(WAF1/CIP1) & p27(KIP1) which is also observed when 

HDAC inhibitors are used.

Cardiac myocytes rapidly proliferate during embryonic and fetal 

life but generally lose their ability to proliferate shortly after birth 

[25]. The fetal genes that are re-expressed in hypertrophy are ANP 

(atrial natriuretic peptide) and BNP(brain natriuretic peptide).
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convergence point in regulating the cardiac hypertrophic 

response. GATA4 is also subject to negative regulation by glycogen 

synthase kinase 3β (GSK3β)-mediated phosphorylation [35].

 The most extensively studied HATs in muscle are p300 and the 

closely related coactivator, CREB-binding protein (CBP), which 

play critical roles in physiological and pathological growth of 

cardiac myocytes.  p300 is a transcriptional co-activator as well as 

an acetlytransferase [36,37]that interacts with cardiac 

transcription factors like Mef2d and SRF.  The GATA family of 

transcription factors are also transcriptionally coactivated by 

p300 [38,39]. Importantly, p300, and not CBP, is specifically 

required for cardiac development since deletion of p300 leads to 

heart failure and death at E9.5–11 while loss of CBP results in no 

cardiac abnormalities [40,41].

Hypertrophy in response to pressure overload is initiated by an 

increase in p300 levels, and that p300 is the primary driver of both 

adaptive and maladaptive phases of cardiac hypertrophy in vivo 

through direct effects on MEF2 acetylation [42]. The pro-

hypertrophic effects of p300 did not require experimental 

activation of other growth signals, suggesting that p300 is 

independent or at least upstream of these signals and associated 

phosphorylation events [13,14,19,20,43,44]. This supports the 

view that p300 promotes hypertrophy upstream of HDAC signal-

mediated nuclear export and degradation, which serve to further 

potentiate the effects of p300.

 Superactivation of the MEF2 transcription factor  leads to the 

development of cardiac pathology.  MEF2 factors selectively 

associate with class II HDACs via an 18-amino-acid motif present 

only in these HDACs , resulting in repression of genes harboring 

MEF2 binding sites [43]. Stimulation of cardiomyocytes with 

neurohumoral agonists acting through G-protein coupled 

receptors (GPCRs) activates kinase pathways that culminate with 

the phosphorylation of class II HDACs and their export to the 

cytoplasm as a complex with 14-3-3 proteins. The nuclear export 

protein CRM1 is required for HDAC nuclear export. The release of 

class II HDACs from MEF2 allows for the association of HATs with 

MEF2 and consequentially chromatin relaxation and 

transcriptional activation of fetal cardiac genes. MEF2 does not 

directly program the adult hypertrophic growth program, but 

instead appears to regulate cardiac dilation and the addition of 

sarcomeres in series.

As a consequence of an increase in intracellular calcium 

concentration,  the Ca2+/CaM complex associates with class II 

HDACs( HDAC4 and -5 have a CaM-binding motif within the MEF2-

binding regions [45]), thereby displacing MEF2 and providing a 

signal in addition to HDAC phosphorylation to derepress MEF2 

target genes and  CaM also competes with MEF2 for binding to 

Cabin1, resulting in the dissociation of MEF2 from its repressor 

Cabin1 and, consequently, in MEF2 activation [46].Cabin1 docks 

on the same region of MEF2 as class II HDACs and represses MEF2 

activity by (1) recruiting the mSin3 corepressor and class I HDACs 

to MEF2 target genes and (2) by displacing p300 and NFAT from 

4.2.p300 and CBP

4.3.MEF 2

3.1.REST

3.2.NRSF

4.Transcription Factors

 4.1.GATA

The transcriptional repressor REST [RE1 (repressor element 

1)-silencing transcription factor] is a key factor in repressing the 

foetal cardiac gene programme in the adult heart [26,27]. Both the 

BNP and ANP genes contain an RE1-binding site for REST. Their 

promoters are repressed by REST which mediates transcriptional 

repression by recruiting co-repressor complexes that alter the 

post-translational modifications of the chromatin at the target 

gene promoter. An N-terminal repression domain in REST 

interacts with the mSin3A or mSin3B complexes, which repress 

transcription via their associated HDAC (histone deacetylase) 

activity (HDAC1 and HDAC2) [28,29]. A C-terminal repressor 

domain in REST interacts with the co-repressor CoREST, which is 

part of a complex containing HDACs (HDAC1 and HDAC2), a 

histone H3 K4 demethylase (LSD1) and an ATP-dependent 

chromatin remodelling enzyme (BRG1) [29,30]. There is some 

evidence suggesting that REST represses particular genes using 

different mechanisms in different cells. This indicates that not only 

is loss of REST repression sufficient for BNP and ANP re-

expression but also that loss of REST repression alone is sufficient 

to drive hypertrophy. This suggests that REST is involved in 

pathways leading to hypertrophy.

It was recently reported that a transcriptional repressor, 

neuron-restrictive silencer factor (NRSF), represses expression of 

fetal cardiac genes, including atrial and brain natriuretic peptide 

(ANP and BNP), by recruiting class II histone deacetylase (HDAC) 

and that attenuation of NRSF-mediated repression contributes to 

the reactivation of fetal gene expression during cardiac 

hypertrophy [31]. The molecular mechanism by which the activity 

of the NRSF-HDAC complex is inhibited in cardiac hypertrophy 

remains unresolved. 

Several DNA-binding transcription factors have been shown to 

depend on HDAC activity. Cardiac hypertrophy is regulated by 

activation of heart-specific transcription factors such as GATA4, 

MEF2, and immediate early genes like c-jun and c-fos [32].

Six GATA transcription factors have been identified in 

vertebrates and parsed into two subclasses based on their 

expression patterns. GATA-1, -2, and -3 are prominently expressed 

in hematopoietic cell lineages while GATA-4, -5, and -6 are 

expressed in various mesoderm and endoderm derived tissues 

such as heart, liver, lung, gonad, and gut [33]. GATA4 is also 

expressed in the adult heart where it is thought to function as a key 

transcriptional regulator of numerous cardiac genes including 

atrial natriuretic factor (ANF), b-type natriuretic peptide (BNP), α-

myosin heavy chain (α-MHC), β-myosin heavy chain (β-MHC), and 

many others [33,34]. A number of stimuli like pressure overload, 

isoproterenol, phenylephrine, endothelin-1, angiotensin II and 

phorbol esters  that induce cardiac hypertrophy and/or heart 

failure are known to enhance GATA4 transcriptional activity 

through phosphorylation. Serine 105 in GATA4 serves as a key 
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signaling, [66] leading to forced expression of Hsp70 , which 

coincides well with the activation of Hdac2. Hypertrophic stimuli 

induces the expression of heat shock protein (Hsp)70  and 

activation of HDAC2 preceded substantial hypertrophic events, 

implying that activation of HDAC2 is not a result but a cause of 

hypertrophy. 

Nuclear Factor κB (NFκB) is a transcription factor that can 

regulate the expression of immediate early and stress-response 

genes in diverse cell types. NFκB is regulated by a cytoplasmic 

inhibitory protein known as IκB, which is phosphorylated by IκB 

kinase-α (IKKα) and/or β leading to the ubiquitination and 

degradation of IκB, permitting NFκB nuclear translocation [67] . 

Upstream, IKK activity is regulated by NF-κB-inducing kinase 

(NIK), which itself is stimulated by a complex that is located within 

the tumor necrosis factor-α (TNFα) receptor. NFκB has also been 

implicated as a necessary and sufficient regulator of cardiac 

hypertrophy. Inhibition of NFκB attenuates the initial hypertrophy.

The homeobox transcription factor Nkx2–5 (also known as Csx) 

is  highly expressed in early heart progenitor cells as they commit 

to the cardiac lineage during embryogenesis, where it continues to 

be expressed in the heart throughout adulthood [68-71]. Nkx2–5  

participates  in the cardiac hypertrophic response given the 

observation that its expression is upregulated during pressure 

overload or stress stimulation. It interacts with other cardiac 

transcription factors such as GATA4 and SRF,  calmodulin binding 

transactivator (CAMTA), which itself promotes cardiomyocyte 

hypertrophy and activates ANF gene expression [72]. It functions 

as a modulator of the adult cardiac hypertrophic response.

Class I and class II HDACs play an important role in the basal 

expression and up-regulation of the sodium calcium exchanger 

(Ncx1) gene in adult cardiomyocytes [73]. Nkx2.5 interacts with 

transcriptional activator p300, which is recruited to the Ncx1 

promoter. When Nkx2.5 is acetylated, it is found associated with 

HDAC5  whose overexpression stimulates Ncx-1 protein [73]. 

Notably, TSA treatment prevents p300 from being recruited to the 

endogenous Ncx1 promoter, resulting in the repression of Ncx1 

expression. 

Diverse members of the TGF-β superfamily elicit different 

signaling responses in the adult myocardium. TGF-beta  is thought 

to be a pro-hypertrophic cytokine in the heart. Independent of 

Smad proteins, TGF-β can also elicit signals through the MAPK 

cascade that includes TGF-β activated kinase 1 [74]. 

Smad transcription factors primarily function as inducible 

regulators of transforming growth factor-β (TGF-β) superfamily 

member signals. Activation of Smad proteins downstream of 

specific ligands appears to function in an anti-hypertrophic 

capacity. In support of this hypothesis, the TGF-β family member 

growth-differentiation factor 15 (GDF-15) was shown to also

4.4.Gsk3β
4.8.NFκB

4.8.1.Nkx2-5

4.9.Ncx1

4.10.TGF-β

4.11.Smad

4.5.NFAT

4.6.SRF and Hop

4.7.Hsp70 

MEF2 [47].Two other MEF-2 activation mechanisms are(a)MEF2 

is directly phosphorylated by BMK1, which is downstream of and 

activated by MEK5 [48,49]. (b)Calcineurin dephosphorylates 

NFAT which translocates to the nucleus and facilitates recruitment 

of HATs  to MEF-2 response elements [50].

Resistance to hypertrophy was associated with increased 

expression of the gene encoding inositol polyphosphate-5-

phosphatase f (Inpp5f ) resulting in constitutive activation of 

glycogen synthase kinase 3β (Gsk3β) via inactivation of thymoma 

viral proto-oncogene (Akt) and 3-phosphoinositide-dependent 

protein kinase-1 (Pdk1) and  downregulation of Hdac2 since 

Gsk3β is inactivated in presence of Hdac2. Hence  Hdac2 and 

Gsk3β are components of a regulatory pathway providing an 

attractive therapeutic target for the treatment of cardiac 

hypertrophy and heart failure [51].

NFAT factors are critical regulators of several aspects of cardiac 

development and myocyte maturation. The calcium/calmodulin-

activated protein phosphatase calcineurin (PP2B) and its 

downstream transcriptional effector NFAT have been implicated 

as critical transducers of the cardiac hypertrophic response. In 

response to elevated intracellular calcium like cytosolic Ca2+ 

transients, rather than localized perinuclear or nuclear Ca2+ 

signals, calcineurin becomes activated in the cytoplasm where it 

binds to NFAT and directly dephosphorylates the N-terminal 

regulatory domains, exposing a nuclear localization signal 

permitting its translocation to the nucleus and interaction with 

GATA4 as a means of inducing hypertrophic gene expression [16]. 

The idea that calcineurin (and NFAT) is primarily involved in 

cardiac hypertrophy in humans, however, is not shared by all 

investigators in the field, and this remains a hot topic of debate. 

NFAT factors function as a signaling convergence point whereby 

multiple stress/mitogen-activated pathways modulate 

transcriptional activity.

 SRF is important  for embryonic heart development and is a 

regulator of the hypertrophic growth response in the adult heart. 

SRF interacts with SMAD1/3, Nkx2–5, and GATA4 to 

synergistically activate muscle gene expression and induce HCM 

[52-59]. Myocardin, is a SAP domain-containing nuclear factor 

[60,61]. Myocardin-related transcription factors (MRTF) A and B 

have also been shown to interact with SRF[62].  Homeodomain-

only protein (Hop) is specific to the heart  and is a nuclear protein 

that does not bind DNA. Hop-dependent genes contain binding 

sites for serum response factor (SRF). Hop binds SRF, inhibits SRF-

dependent gene expression, and interferes with the cooperation of 

SRF with its coactivator myocardin [63,64] by recruiting an HDAC 

2 to SRF [65]  and  Hop prevents  the ability of myocardin to cause 

histone acetylation. 

The heart reacts  to protect itself from stresses like ischemia and 

heat, by increasing the antiapoptotic cascades such as AKT 

Amachandran GR et al. / Int J Biol Med Res. 2011; 2(2): 581-588
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4.12.Sp 

4.13.Hand1/2

 function as an anti-hypertrophic regulatory factor in the adult 

heart in association with Smad2/3 activation [75,76]. Also,  

elevated levels of Rgs5 protein blocks MEK-ERK1/2 activation 

leading to significant inhibition, whereas activation of MEK-

ERK1/2 resulted in up-regulation of collagen synthesis and Smad 

2/3 signaling [76].

The Sp family of transcription factors is important in the 

assembly of the basal transcriptional machinery, potentially acting 

as a central and widespread regulatory network in pathologic 

hypertrophy. It has been previously shown that Sp1 and Sp3 have 

counter regulatory functions in avian myocytes [77]. Although Sp3 

expression is downregulated during pathologic hypertrophy, we 

have found that Sp3-associated HAT activity is increased and HDAC 

activity is significantly decreased. Hence, acetylation of Sp3 may 

convert it from a repressor to a transcriptional activator during the 

induction of pathologic cardiac hypertrophy and heart failure [77].

The expression of Hand1 is predominantly  in the left ventricle 

and is excluded from the right ventricle. In contrast, the expression 

of Hand2 is restricted to the right ventricle. With respect to the 

adult heart, very little direct evidence exists to implicate a role for 

Hand1 or Hand2 in acquired pathological conditions. Correlative 

evidence has shown that Hand1, but not Hand2, is downregulated 

in cardiomyopathic hearts from human patients [78] . However, in 

a rat model of pressure overload, Hand2 was reported to be 

u p r e g u l a t e d  i n  t h e  r i g h t  v e n t r i c l e  [ 7 9 ] .  

4.14.Egr-1

4.15.CREB

Early growth response-1 (Egr-1) was identified as an immediate 

early response gene [80]. Egr-1 can bind either a GC-rich element 

(TGCGGGGGCG) that overlaps with the binding site for Sp1, or an 

element comprised of the sequence TCCTCCTCCTCC. Absence of 

Egr-1 reduced cardiac hypertrophy to isoproterenol and 

phenylephrine stimulation [81]. NGF1-A binding protein 1 (Nab1) 

overexpression  inhibited pathologic cardiac hypertrophy, by 

directly inhibiting Egr-1 [82] . Thus, Egr-1 functions as yet another 

inducible factor to the array of adult cardiac growth regulators.

Thus  changes in myocardial Hand activity may regulate/modulate 

adult heart disease responses.

cAMP-response element (CRE) binding protein (CREB) is a 43 

kDa basic leucine zipper (bZip) transcription factor that binds to 

the consensus sequence of TGANNTCA in association with other 

members of the CREB/ATF and AP-1 family [83-87].It binds to CBP 

on being phosphorylated by protein kinase A ,CAMK, cGmp which 

are activated by Ras protein.

Thus , the increase in sarcomeric proteins and induction of 

embryonic cardiac genes seen during pathologic hypertrophy are 

preceded and regulated by increase  in myocardial transactivators, 

decreases in cardiac gene repressors, and induction of 

posttranslational modifications that modulate transcription factor 

function. Thus, the entire pathway can lead to either cardiac 

hypertrophy or resistance to hypertrophy (Refer to Flowchart 1 

and Table-1).

F L O W C H A R T - 1 :  T h i s  

flowchart illustrates the 

interplay of transcription 

factors , HAT/HDAC  and 

cardiac fetal  genes in 

precipitating as well as in 

re s i s t a n c e  t o  c a rd i a c  

h y p e r t r o p h y  t h u s   

summarisng  the entire 

FLOWCHART -1

CENTRALITY IF TRANSCRIPTION FACTORS AND HAT/HADAC IN CARDIAC HYPER TROPHIC RESPONSE
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Cabin-1

Cyclin kinase inhibitor-p21
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that promote hypertrophy
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TGF-β
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whether REST is involved in pathways leading to hypertrophy. A 

new revelation is that the re-activation of fetal genes leads to 

cardiac hypertrophy via HAT/HDAC and transcription factors 

interplay. The challenge currently will be to translate this scientific 

knowledge and understanding into potential pharmacological 

therapies for the treatment of pathological cardiac hypertrophy. 

Consequently, the emerging picture is that, although distinct 

hypertrophic and developmental stimuli appear to converge on 

common transcription factors such as GATA4 and SRF, activation of 

these factors does not result in indiscriminate expression of GATA4 

or SRF-dependent genes. Simultaneous activation of cofactors is 

required but, in addition, there are many indications that one or 

more additional levels of regulation exist that allow a cell to further 

distinguish between different stimuli. Also, there is a need to 

understand the role of  HDAC Class-I & II clearly since they seem to 

repress/ induce hypertrophy in different pathways and we suggest 

that there may be a similar evolution pattern of Hdac 1& 2 genes to 

Hb genes / pseudogenes.

Since several molecular pathways involving HDAC and 

transcription factors have been identified and characterized , there 

is a huge prospective commercial market for novel drugs targeted 

towards them to treat cardiac hypertrophy. Several chemical 

inhibitors of HDACs have been identified, including trichostatin A 

(TSA), sodium butyrate, and HC-toxin which utilize MITR, a 

splicing variant of HDAC9 that has only the N-terminal of Class-II 

HDAC to repress MEF-2.But they are non-selective in action.By 

contrast, the bicyclic tetrapeptide HDAC inhibitors FK228 and 

Spiruchostatin A appear to possess selectivity towards class I 

HDACs [88 and unpublished data].

HDAC inhibitors are in phase I, II, and III clinical trials for 

hematological and oncological conditions [89,90]. Recently, 

suberoylanilide hydroxamic acid (also referred to as 

vorinostat/Zolinza) was approved by the Food and Drug 

Administration for the treatment of cutaneous T cell lymphoma 

[91].

The apicidin derivative, API-D, is capable of reducing 

hypertrophy .Therapeutic agents that are able to counteract the 

loss of REST function and blunt the hypertrophic response 

mediated by p300 could reduce that risk without compromising 

short-term adaptation. Indeed, curcumin, a polyphenolic 

compound reported to have antioxidant, antifumor and anti-

histone acetyltransferase activity, was recently shown to blunt 

hypertrophy [92-94].

Elucidation of the specific functions of individual HDACs will be 

important to determine the molecular targets of these inhibitors 

and to provide information relevant to understanding and 

preventing potential cardiac side effects.

Dissection and characterization of the signaling pathways 

leading to cardiac hypertrophy has led to a wealth of knowledge 

about this condition both physiological and pathological  . 

Although these pathways have still to be defined further , there will 

undoubtedly be future pathways and players to be discovered like , 

Table 1: A list of transcription factors and HAT/HDAC involved 

in up-regulation/downregulation of  hypertrophy.

5. Treatment

6.Conclusion

Amachandran GR et al. / Int J Biol Med Res. 2011; 2(2): 581-588



[18] Trivedi CM, Luo Y,Yin Z, Zhang M, Zhu W, Wang T, et al-Hdac2 regulates the 
cardiac hypertrophic response by modulating Gsk3 beta activity. Nat Med. 
2007;13:324-331.

[19] Bush E. A small molecular activator of cardiac hypertrophy uncovered in a 
chemical screen for modifiers of the calcineurin signaling pathway. Proc. 
Natl. Acad. Sci. U. S. A. 2004. 101:2870-2875.

[20] Vega RB. Protein kinases C and D mediate agonist-dependent cardiac 
hypertrophy through nuclear export of histone deacetylase 5. Mol Cell Biol. 
2004. 24:8374-8385. 

[21] Gallo P, Latronico MV, Gallo P. Inhibition of class I histone deacetylase with 
an apicidin derivative prevents cardiac hypertrophy and failure. 
Cardiovasc Res. 2008;80: 416–424.

[22] Ahuja P, Sdek P, MacLellan W R. Cardiac Myocyte Cell Cycle Control in 
Development, Disease, and Regeneration Physiol Rev. 2007; 87 :521-544.

[23] Evans-Anderson HJ, Alfieri CM, Yutzey K E. Molecular Cardiovascular 
BiologyCirc Res.2008; 102: 686-694.

[24] Trivedi CM, Lu MM, Wang Q, Jonathan A. Epstein- Transgenic 
Overexpression of Hdac3 in the Heart Produces Increased Postnatal 
Cardiac Myocyte Proliferation but Does Not Induce Hypertrophy- J Biol 
Chem. 2008 ;26; 283(39): 26484–26489. 

[25] Bicknell KA, Coxon CH,  Brooks G. Can the cardiomyocyte cell cycle be 
reprogrammed?. J Mol Cell Cardiol. 2007; 42: 706-721 

[26] Kuwahara K, Saito Y, Ogawa E, Takahashi N, Nakagawa Y, Naruse Y, Harada 
M, Hamanaka I, Izumi T, Miyamoto Y. p300 Plays a Critical Role in 
Maintaining Cardiac Mitochondrial Function and Cell Survival in Postnatal 
Hearts. Mol Cell Biol.2001; 21: 2085–2097.

[27] Kuwahara K, Saito Y, Takano M, Arai Y, Yasuno S, Nakagawa Y, Takahashi N, 
Adachi Y, Takemura G, Horie M. Endogenous cardiac natriuretic peptides 
protect the heart in a mouse model of dilated cardiomyopathy and sudden 
death. EMBO J. 2003; 22: 6310–6321.

[28] Palm K, Belluardo N, Metsis M,  Timmusk T. Conditional Deletion of NRSF in 
Forebrain Neurons Accelerates Epileptogenesis in the Kindling Model.J 
Neurosci. 1998; 18: 1280–129.

[29] Huang Y, Myers SJ. Altered histone acetylation at glutamate receptor 2 and 
brain-derived neurotrophic factor genes is an early event triggered by 
status epilepticus. Dingledine  Nat Neurosci. 1999; 2: 867–872.

[30] Roopra A, Sharling L, Wood IC, Briggs T, Bachfischer U, Paquette AJ, Buckley 
NJ. Transcriptional repression by the neuro-restrictive silencer factor 
(REST/NRSF) is mediated via the sin3/histone deacetylase complex. Mol 
Cell Biol. 2000;20:2147–2157.

[31] Andres ME, Burger C, Peral-Rubio MJ, Battaglioli E, Anderson ME, Grimes J, 
Dallman J, Ballas N, Mandel G. Repressor Element-1 Silencing 
Transcription/Neuron-Restrictive Silencer Factor Is Required for Neural 
Sodium Channel Expression during Development of Xenopus.  Proc Natl 
Acad Sci.  USA. 1999; 96: 9873–9878

[32] Nakagawa Y, Kuwahara K, Harada M, Takahashi N, Yasuno S, Adachi Y, 
Kawakami R, Nakanishi M, Tanimoto K, Usami S, Kinoshita H, Saito Y, Nakao 
K - Class II HDACs mediate CaMK-dependent signaling to NRSF in 
ventricular myocytes. J Mol Cell Cardiol. 2006 Dec;41(6):1010-1022. 

[33] Akazawa H, Komuro I. Roles of cardiac transcription factors in cardiac 
hypertrophy. Circ Res. 2003; 92: 1079–1088.

[34] Molkentin JD. The zinc finger-containing transcription factors GATA-4, -5, 
and -6. Ubiquitously expressed regulators of tissue-specific gene 
expression. J Biol Chem. 2000;275:38949–38952. 

[35] Pikkarainen S, Tokola H, Kerkela R, Ruskoaho H. GATA transcription factors 
in the developing and adult heart. Cardiovasc Res. 2004;63:196–207.

[36] Morisco C, Seta K, Hardt SE, Lee Y, Vatner SF, Sadoshima J.- Glycogen 
synthase kinase 3beta regulates GATA4 in cardiac myocytes-J Biol Chem. 
2001 Jul 27;276(30):28586-28597. 

[37] Asahara H, Tartare-Deckert S, Nakagawa T, Ikehara T, Hirose F, Hunter T, et 
al. Dual roles of p300 in chromatin assembly and transcriptional activation 
in cooperation with nucleosome assembly protein 1 in vitro. Mol Cell Biol. 
2002;22:2974–2983.

[38] Chan HM, La Thangue NB. p300/CBP proteins: HATs for transcriptional 
bridges and scaffolds. J Cell Sci. 2001;114:2363–2373.

[39] Dai Y S, Markham BE. p300 Functions as a coactivator of transcription 
factor GATA-4. J Biol Chem.2001; 276: 37178-37185.

587

[40] Kakita T, Hasegawa K, Morimoto T, Kaburagi S, Wada H,  Sasayama S. p300 
protein as a coactivator of GATA-5 in the transcription of cardiac-restricted 
atrial natriuretic factor gene. J Biol Chem. 1999;274: 34096-34102.

[41] Kung AL, Rebel VI, Bronson RT, Ch'ng LE, Sieff CA, Livingston DM, Yao TP. 
Gene dose-dependent control of hematopoiesis and hematologic tumor 
suppression by CBP. Genes Dev. 2000;14:272–277. 314.

[42] Tanaka Y, Naruse I, Maekawa T, Masuya H, Shiroishi T, Ishii S. Abnormal 
skeletal patterning in embryos lackina single Cbp allele: a partial similarity 
with  Rubenstein-Taybi  syndrome.  Proc .Nat l .Acad.Sc i .USA.  
1997;94:10215–10220

[43] Jian Qin Wei, Lina Shehadeh, James Mitrani, Monica Pessanha, Tatiana I. 
Slepak, Keith A. Webster, and Nanette H. Bishopric- Quantitative Control of 
Adaptive Cardiac Hypertrophy by Acetyltransferase p300-–Circulation. 
2008 August 26; 118(9): 934946. 

[44] McKinsey TA, Zhang CL, Olson EN. MEF2: a calcium-dependent regulator of 
cell division, differentiation and death. Trends Biochem Sci. 2002. 27:40-
47. 

[45] Harrison BC. The CRM1 nuclear export receptor controls of pathological 
cardiac gene expression. Mol. Cell. Biol. 2004; 24:10636-10

[46] Youn HD, Grozinger CM, Liu JO. Calcium regulates transcriptional 
repression of myocyte enhancer factor 2 by histone deacetylase 4. J Biol 
Chem. 2000; 275: 22563–22567

[47] Youn HD, Sun L, Prywes R, Liu JO. Apoptosis of T cells mediated by Ca2+-
induced release of the transcription factor MEF2. Science. 1999; 286: 
790–793. 

[48] Youn HD, Liu JO. Cabin1 represses MEF2-dependent Nur77 expression and 
T cell apoptosis by controlling association of histone deacetylases and 
acetylases with MEF2. Immunity. 2000; 13: 85–94.

[49] Kato Y, Kravchenko VV, Tapping RI, Han J, Ulevitch RJ, Lee JD. BMK1/ERK5 
regulates serum-induced early gene expression through transcription 
factor MEF2C. Embo J 1997;16:7054–7066. 

[50] Marinissen MJ, Chiariello M, Pallante M, Gutkind JS. A network of mitogen-
activated protein kinases links G protein-coupled receptors to the c-jun 
promoter: a role for c-Jun NH2-terminal kinase, p38s, and extracellular 
signal-regulated kinase 5. Mol Cell Biol. 1999;19:4289–4301.

[51] Youn, HD, Chatila, TA, Liu, JO. Integration of calcineurin and MEF2 signals by 
the coactivator p300 during T-cell apoptosis. EMBO J. 2000. 19:4323-4231. 

[52] Chinmay M Trivedi, Yang Luo, Zhan Yin, Maozhen Zhang, Wenting Zhu, 
Tao Wang, Thomas Floss, Martin Goettlicher, Patricia Ruiz Noppinger, 
Wolfgang Wurst, Victor A Ferrari, Charles S Abrams, Peter J Gruber, 
Jonathan A Epstein -. Hdac2 regulates the cardiac hypertrophic response 
b y  m o d u l a t i n g  G s k 3 b  a c t i v i t y  -
http://academic.research.microsoft.com/Paper/10231759.aspx

[53] Sepulveda JL, Vlahopoulos S, Iyer D, Belaguli N, Schwartz RJ. Combinatorial 
expression of GATA4, Nkx2–5, and serum response factor directs early 
cardiac gene activity. J Biol Chem. 2002;277:25775–25782. 

[54] Chen CY, Schwartz RJ. Recruitment of the tinman homolog Nkx-2.5 by 
serum response factor activates cardiac alpha-actin gene transcription. 
Mol Cell Biol. 1996;16:6372–6384. 

[55] Sepulveda JL, Belaguli N, Nigam V, Chen CY, Nemer M, Schwartz RJ. GATA-4 
and Nkx-2.5 coactivate Nkx-2 DNA binding targets: role for regulating early 
cardiac gene expression. Mol Cell Biol. 1998;18:3405–3415. 

[56] Belaguli NS, Sepulveda JL, Nigam V, Charron F, Nemer M, Schwartz RJ. 
Cardiac tissue enriched factors serum response factor and GATA-4 are 
mutual coregulators. Mol Cell Biol. 2000;20:7550–7558. 

[57] Oh J, Wang Z, Wang DZ, Lien CL, Xing W, Olson EN. Target gene-specific 
modulation of myocardin activity by GATA transcription factors. Mol Cell 
Biol. 2004;24:8519–8528. 

[58] Callis TE, Cao D, Wang DZ. Bone morphogenetic protein signaling 
modulates myocardin transactivation of cardiac genes. Circ Res. 
2005;97:992–1000. 

[59] Qiu P, Feng XH, Li L. Interaction of Smad3 and SRF-associated complex 
mediates TGF-beta1 signals to regulate SM22 transcription during 
myofibroblast differentiation. J Mol Cell Cardiol. 2003;35:1407–1420. 

[60] Aravind L, Koonin EV. SAP - a putative DNA-binding motif involved in 
chromosomal organization. Trends Biochem Sci. 2000;25:112–114. 

[61] Wang D, Chang PS, Wang Z, Sutherland L, Richardson JA, Small E, et al. 
Activation of cardiac gene expression by myocardin, a transcriptional 
cofactor for serum response factor. Cell. 2001;105:851–862.

Amachandran GR et al. / Int J Biol Med Res. 2011; 2(2): 581-588



588

[79] Natarajan A, Yamagishi H, Ahmad F, Li D, Roberts R, Matsuoka R, et al. 
Human eHAND, but not dHAND, is down-regulated in cardiomyopathies. J 
Mol Cell Cardiol. 2001;33:1607–1614.

[80] Bar H, Kreuzer J, Cojoc A, Jahn L. Upregulation of embryonic transcription 
factors in right ventricular hypertrophy. Basic Res Cardiol. 
2003;98:285–294. 

[81] Milbrandt J. A nerve growth factor-induced gene encodes a possible 
transcriptional regulatory factor. Science. 1987;238:797–799. 

[82] Saadane N, Alpert L, Chalifour LE. Altered molecular response to 
adrenoreceptor-induced cardiac hypertrophy in Egr-1-deficient mice. Am J 
Physiol Heart Circ Physiol. 2000;278:H796–805.

[83] Buitrago M, Lorenz K, Maass AH, Oberdorf-Maass S, Keller U, Schmitteckert 
EM, et al. The transcriptional repressor Nab1 is a specific regulator of 
pathological cardiac hypertrophy. Nat Med. 2005;11:837–844. 

[84] Montminy MR, Bilezikjian LM. Binding of a nuclear protein to the cyclic-
AMP response element of the somatostatin gene.  Nature.  
1987;328:175–178. 

[85] Gonzalez GA, Yamamoto KK, Fischer WH, Karr D, Menzel P, Biggs W, 3rd, et 
al. A cluster of phosphorylation sites on the cyclic AMP-regulated nuclear 
factor CREB predicted by its sequence. Nature. 1989;337:749–752. 

[86] Habener JF. Cyclic AMP response element binding proteins: a cornucopia of 
transcription factors. Mol Endocrinol. 1990;4:1087–1094.

[87] Hoeffler JP, Meyer TE, Yun Y, Jameson JL, Habener JF. Cyclic AMP-responsive 
DNA-binding protein: structure based on a cloned placental cDNA. Science. 
1988;242:1430–1433.

[88] Vallejo M. Transcriptional control of gene expression by cAMP-response 
element binding proteins. J Neuroendocrinol. 1994;6:587–596.

[89] Crabb, S.J, Rogers, H. Townsend, P.A., Johnson, P.W.M., Shin-ya, Ganesan, A., 
and Packham, G.  Bicyclic tetrapeptide histone deacetylase inhibitors 
FK228 and Spiruchostatin A induce delayed and protracted histone 
acetylation.  In Press Molecular cancer Therapeutics, 2007

[90] Xu WS, Parmigiani R B, Marks P A. Histone deacetylase inhibitors: 
molecular mechanisms of actionMechanisms of histone deacetylase 
inhibitors. Oncogene. 2007; 26: 5541-5552

[91] Marks P, Rifkind RA, Richon V M, Breslow R, Miller T,  Kelly W K. Histone 
deacetylases and cancer: causes and therapies.Nat Rev Cancer .2001;1: 
194-202

[92] Garber K. HDAC inhibitors overcome first hurdle. Nat Biotechnol. 2007; 25: 
17-19.

[93] Morimoto T, Sunagawa Y, Kawamura T, Takaya T, Wada H, Nagasawa A, 
Komeda M, Fujita M, Shimatsu A, Kita T, Hasegawa K. The dietary compound 
curcumin inhibits p300 histone acetyltransferase activity and prevents 
heart failure in rats. J Clin Invest. 2008;118:868–878. 

[94] Li HL, Liu C, de Couto G, Ouzounian M, Sun M, Wang AB, Huang Y, He CW, Shi 
Y, Chen X, Nghiem MP, Liu Y, Chen M, Dawood F, Fukuoka M, Maekawa Y, 
Zhang L, Leask A, Ghosh AK, Kirshenbaum LA, Liu PP. Curcumin prevents 
and reverses murine cardiac hypertrophy. J Clin Invest. 2008;118:879–893.

[62] Wang DZ, Li S, Hockemeyer D, Sutherland L, Wang Z, Schratt G, et al. 
Potentiation of serum response factor activity by a family of myocardin-
related transcription factors .  Proc Natl  Acad Sci  U S  A.  
2002;99:14855–14860. 

[63] Xing W, Zhang TC, Cao D, Wang Z, Antos CL, Li S, Wang Y, Olson EN, Wang DZ. 
Myocardin induces cardiomyocyte  hypertrophy.  Circ  Res .  
2006;98:1089–1097.

[64] Chen F. Hop is an unusual homeobox gene that modulates cardiac 
development. Cell. 2002; 110:713-723. 

[65] Shin CH. Modulation of cardiac growth and development by HOP, an 
unusual homeodomain protein. Cell. 2002; 110:725-735. 

[66] Kook H. Cardiac hypertrophy and histone deacetylase–dependent 
transcriptional repression mediated by the atypical homeodomain protein 
Hop. J. Clin. Invest. 2003. 112:863-871. 

[67] Song G, Ouyang G, Bao S. The activation of Akt/PKB signaling pathway and 
cell survival. J Cell Mol Med. 2005; 9: 59–71.

[68] Karin M. The beginning of the end: IkappaB kinase (IKK) and NF-kappaB 
activation. J Biol Chem. 1999;274:27339–27342.

[69] Komuro I, Izumo S. Csx: a murine homeobox-containing gene specifically 
expressed in the developing heart. Proc Natl Acad Sci U S A. 
1993;90:8145–8149. 

[70] Lints TJ, Parsons LM, Hartley L, Lyons I, Harvey RP. Nkx-2.5: a novel murine 
homeobox gene expressed in early heart progenitor cells and their 
myogenic descendants. Development. 1993;119:419–431. 

[71] Kasahara H, Bartunkova S, Schinke M, Tanaka M, Izumo S. Cardiac and 
extracardiac expression of Csx/Nkx2.5 homeodomain protein. Circ Res. 
1998;82:936–946. 

[72] Stanley EG, Biben C, Elefanty A, Barnett L, Koentgen F, Robb L. Efficient Cre-
mediated deletion in cardiac progenitor cells  conferred by a 3'UTR-ires-
Cre allele of the homeobox gene Nkx2–5. Int J Dev Biol. 2002;46:431–439

[73] Song K, Backs J, McAnally J, Qi X, Gerard RD, Richardson JA, et al. The 
transcriptional coactivator CAMTA2 stimulates cardiac growth by 
opposing class II histone deacetylases. Cell. 2006;125:453–466

[74] Sangeetha Chandrasekaran, Richard E. Peterson, Santhosh K. Mani, 
Benjamin Addy, Avery L. Buchholz, Lin Xu, Thirumagal Thiyagarajan, 
Harinath Kasiganesan, Christine B. Kern and Donald R. Menick- Histone 
deacetylases facilitate sodium/calcium exchanger up-regulation in adult 
cardiomyocytes-TheFASEBJournal.2009;23:3851-3864.

[75] Zhang D, Gaussin V, Taffet GE, Belaguli NS, Yamada M, Schwartz RJ, et al. 
TAK1 is activated in the myocardium after pressure overload and is 
sufficient to provoke heart failure in transgenic mice. Nat Med. 
2000;6:556–563. 

[76] Xu J, Kimball TR, Lorenz JN, Brown DA, Bauskin AR, Klevitsky R, et al. 
GDF15/MIC-1 functions as a protective and antihypertrophic factor 
released from the myocardium in association with SMAD protein 
activation. Circ Res. 2006;98:342–350.

 [77] LiH,  He C, Feng J ,Zhang Y,Tang Q. Regulator of G protein signaling 5 
protects against cardiac hypertrophy and fibrosis during biomechanical 
stress of pressure overload. Circ Res.  2004;279:10659–10669

[78] Azakie A, Fineman JR, He Y. Sp3 inhibits Sp1 mediated activation of the 
cardiac troponin T promoter and is downregulated during pathologic 
cardiac hypertrophy in vivo. Am J Physiol Heart Circ Physiol. 
2006;291:H600-H611.

c Copyright 2011 BioMedSciDirect Publications  
All rights reserved.

 IJBMR -ISSN: 0976-6685.

Amachandran GR et al. / Int J Biol Med Res. 2011; 2(2): 581-588


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8

