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Abstract

The acetylation and deacetylation of histones play an important role in the regulation of gene 

transcriptions. Histone acetylation is mediated by histone acetyltransferase (HAT). The resulting 

modification in the structure of chromatin leads to nucleosomal relaxation and altered 

transcriptional activation. The reverse reaction is mediated by histone deacetylase (HDAC), which 

induces deacetylation, chromatin condensation, and transcriptional repression. HDACs are divided 

into three distinct classes, I, II, and III, on the basis of size, sequence homology, as well as 

formation of distinct complexes. Among class II HDACs, HDAC4 is implicated in controlling 

gene expression important for diverse cellular functions. Basic and clinical experimental evidence 

have well established that HDAC4 performs a wide variety of functions. Understanding the 

biological significance of HDAC4 will not only provide new insight into the mechanisms of 

HDAC4 involved in mediating biological response, but also form a platform to develop a 

therapeutic strategy to achieve clinical implications.
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1. Introduction

Lysine acetylation of histones, as well as non-histone proteins, is emerging as a widespread 

reversible posttranslational modification in regulating gene expression and various cellular 

processes. Dynamic control of protein acetylation levels in vivo occurs through the opposing 

actions of HATs and HDACs. Histone acetylation by HATs relaxes the structure of 

nucleosomes and leads to gene activation, whereas histone deacetylation by HDACs 

promotes chromatin condensation, favoring the transcriptional repression. Association of 

HATs and HDACs with sequence-specific DNA-binding proteins allows for gene-specific 
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activation and repression, respectively. Since the identification of HDAC 1 (named HD 1), 

at least 18 HDACs have been identified in mammals [1–3]. These HDACs can be 

categorized into three distinct classes based on the specific of their catalytic mechanisms. 

Class I HDACs consist of HDAC 1, 2, 3, and 8, which are ubiquitously expressed and 

predominantly located in nuclei. Class II HDACs (4, 5, 6, 7, 9 and 10) are defined based on 

their homology with Hda1. In contrast to class I, class II HDACs exhibit a tissue specific 

pattern of expression. Class III HDACs consist of a large family of sirtuins (silent 

information regulators or SIR) that are evolutionarily distinct, with unique enzymatic 

mechanisms dependent on NAD+ [4].

Based on their domain organization, class II HDACs are further divided into two subgroups: 

class IIa (HDAC4, HDA5, HDAC7 and HDAC9) and class IIb (HDAC6 and HDAC10). 

Genetic evidence has proven that class IIa HDACs play an important role in tissue-specific 

growth and development. For example, HDAC 4 and HDAC 5 are highly expressed in the 

heart, brain, and skeletal muscle and shuttle between the nucleus and cytoplasm [5]. For 

more general information on HDACs and class II HDACs, we respectfully refer the reader 

to previous excellent reviews [2, 6–8]. HDAC4, a key member of class IIa HDACs, is 

expressed in multiple tissues [9]. Mice lacking HDAC4 die early during the perinatal period, 

display abnormal chondrocyte hypertrophy due to ectopic and premature ossification of 

endochondrial bones [10]. Genome-wide data in humans have documented alterations and 

mutations of HDAC4 in melanoma and breast cancer [11]. In this review, we place emphasis 

both on addressing the HDAC4 regulation in posttranscriptional by microRNAs and 

posttranslational modifications, and also on biological functions in normal development and 

pathological conditions.

2. Molecular basis of transcriptional and post transcriptional regulation

The human HDAC4 gene, which spans approximately 353.49 kb, is located on chromosome 

2q37.3 and produced 8980bp mRNA (NM_006037.3) transcripts. The murine HDAC4 gene, 

which spans approximately 215.7kb, is located on chromosome 1 and produced 3960 

mRNA (NM_207225.1) transcripts. HDAC4 expresses in different tissues and the 

expression magnitudes have been well established in response to various stimuli. Despite the 

diversity of pathways modulated by HDAC4 and unique mechanisms regulating the activity 

of HDAC4, little is known about the mechanisms regulating its expression. Transcription 

factors Sp1 and Sp3 directly bind to specific consensus GC-rich sequences in the HDAC4 

promoter to drive HDAC4 transcription [12]. HDAC4 is not expressed in the nuclei of 

mouse embryonic stem cells, but is dramatically up-regulated upon differentiation [13].

MicroRNAs (miRNAs) are a class of regulatory RNAs of ~22 nucleotides that post-

transcriptionally regulate gene expression. miRNAs are involved in multiple biological 

responses as well as disease disorders including cancer. microRNAs are implicated in many 

biological regulations such as proliferation, apoptosis, invasion/metastasis, and 

angiogenesis. Several miRNAs were characterized to modulate HDAC4, which includes 

miR-1, miR-29 and miR-140, mir-155, miR-200a, miR-206, miR-365 in different cell types. 

miR-200a directly targets the 3′-untranslated region of the HDAC4 messenger RNA and 

represses expression of HDAC4 (Figure 1). Interestingly, HDAC4 also conversely inhibited 
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the expression of miR-200a and its promoter activity and reduced the histone H3 acetylation 

level at the miR-200a promoter through a Sp1-dependent pathway [14]. Muscle-specific 

miR-1 promotes myogenesis by targeting HDAC4 3′UTR and represses HDAC4 levels 

during muscle differentiation [15]. mTOR controls MyoD-dependent transcription of miR-1 

through its upstream enhancer, miR-1 suppression of HDAC4 results in production of 

follistatin and subsequent myocyte fusion [16]. Transient transfection of miR-1 and -499 in 

cardiomyocyte progenitor cells reduced proliferation rate, and enhanced differentiation into 

cardiomyocytes in human cardiomyocyte progenitor cells and embryonic stem cells via the 

repression of HDAC4 [17]. It is also noted that miR-22, down-regulated in hepatocellular 

carcinoma and correlated with prognosis, suppresses cell proliferation and tumorigenicity 

through targeting HDAC4 [18].

In addition, the overexpression of miR-206 and miR-29 resulted in the translational 

repression of HDAC4 in the presence or absence of TGF-β via interaction with the HDAC4 

3′-UTR. miR-206 and miR-29 implicated in muscle differentiation are down-regulated by 

TGF-β. TGF-β treatment of myogenic cells is associated with the increased expression of 

HDAC4 [19]. miR-29b is a key regulator of the development of osteoblast phenotype by 

targeting HDAC4, TGF-β3, activin receptor type-2A (ACVR2A), beta interacting protein 1 

(CTNNBIP1), and dual-specificity phosphatase–2 (DUSP2) proteins. Cartilage specific 

miR-140 directly targets HDAC4 3′UTR [20]. Mice lacking miR-140 demonstrated the 

phenotype of dwarf as a consequence of impaired chondrocytes [21]. Likewise, miR-365, a 

mechanically responsive microRNA, was associated with modulation of chondrocyte 

differentiation via directly targeting HDAC4 [22]. In miR-155 transgenic mice model, 

miR-155 targets HDAC4 and subsequently impairs transcriptional activity of B-cell 

lymphoma 6 gene of B cells. Forced overexpression of HDAC4 in human B-cell lymphoma 

cells, leads to the reduced miR- 155-induced proliferation, clonogenic potential, and 

increased apoptosis [23]. Taken together, these evidence suggest that miRNAs specifically 

target HDAC4 to modulate the cellular responses and biological functions in different cell 

types.

3. Protein domain structure and post translational modifications

3.1 protein domain structure

Human HDAC4 genes encode proteins between 972 to 1084 amino acids and mouse 

HDAC4 genes encode proteins between 965 to 1076 amino acids. As illustrated in Figure 2, 

it contains a unique regulatory domain N-terminal through interaction with specific 

transcription factors and a zinc containing catalytic domain in the C-terminal. Crystal 

structure analysis has indicated that a properly folded structural zinc-binding domain is 

required for the formation of the repressor complex. Moreover, the N-terminal of HDAC4 

reveals that the glutamine-rich domain of folds into a straight alpha-helix that assembles as a 

tetramer [24]. C-terminal zinc-binding domain plays a key role in substrate recognition and 

in the association of HDAC4 with the HDAC3·N-CoR co-repressor complex. The detailed 

analysis of the crystal packing showed that an intermolecular disulfide bond had formed 

between cysteine 669, lying within the structural zinc-binding domain, and cysteine 700 

from a neighboring molecule [25].
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3.2 Post translational modifications

The function, activity, and stability of proteins can be controlled by post-translational 

modifications. Protein phosphorylation is perhaps the most widely studied and understood 

modification in which certain amino acid residues are phosphorylated by the action of 

protein kinases or dephosphorylated by the action of phosphatases. Post translational 

modifications can influence subcellular localization and partners interaction of HDAC4. It is 

well known that one of the major functions of HDAC4 is mediating the transcriptional 

repression through regulating chromatin condensation and structures. Recently, rigorous 

evidence has revealed that the post-modification of HDAC4 plays a critical role in 

controlling the cellular response, involved with HDAC4. It is known that the integration of 

all the post-translational modifications in a coherent and global code is a priority for 

understanding the regulatory networks operating on these key enzymes in different cellular, 

developmental, physiologic, and pathologic phenomena. Detailed interpretations of the 

modulation patterns of HDAC4 at translational levels will advance our knowledge in 

understating the direct correlation between HDAC4 functions and the fashions of 

translational modifications. The recent evidence have well demonstrated that HDAC4 can be 

phosphorylated, sumoylated, carbonylated, ubiquited and proteolytic cleaved in the post-

translational modification fashions (Figure 2).

3.2.1 Phosphorylation—Phosphorylation/dephosphorylation efficiently and rapidly 

couples the repression of class IIa HDACs to environmental signals. Reversible 

phosphorylation is an essential regulatory mechanism for the function of HDAC4. HDAC4 

interacts with the 14-3-3 family of proteins that are known to bind specifically to conserved 

phosphoserine-containing motifs. Phosphorylation of these specific amino acids creates 

binding sites for the 14-3-3 chaperone protein, which escorts phospho- HDAC4 from the 

nucleus to the cytoplasm, with consequent activation of HDAC target genes [26–28]. 

HDAC4 can be phosphorylated by calcium/calmodulin-dependent protein kinase (CaMK), 

the extracellular signal-regulated kinases 1 and 2 (ERK1/2), protein kinase A (PKA) and 

glycogen synthase kinase 3 (GSK3)

Stimulation of CaMK promotes myogenesis by disrupting MEF2-HDAC complexes and 

causing HDAC nuclear export [29]. CaMKII specifically binds to HDAC4 through a unique 

docking site. Phosphorylation of HDAC4 at S246, S467, and S632 by CaMKII enhances 

nuclear export and prevents nuclear import of HDAC4, with the consequent depression of 

HDAC4 target genes [30]. Signal transduced from endogenous CaMKII is required for 

agonist-induced cytosolic accumulation of HDAC4 in cardiomyocytes [31, 32]. However, 

PKA phosphorylates HDAC4 and regulates HDAC4 proteolytic cleavage in tyrosine 207 

and antagonizes CaMKII-mediated activation of MEF2 by regulated proteolysis of HDAC4 

[33]. The N-terminal HDAC4 cleavage product selectively inhibits activity of MEF2 but not 

serum response factor (SRF), thereby antagonizing the prohypertrophic actions of CaMKII 

without affecting cardiomyocyte survival. Activation of the Ras–MAPK pathway by 

expression of oncogenic Ras or constitutively active MAPK/ERK kinase 1 results in an 

increased percentage of HDAC4 in the nucleus in C2C12 myoblast cells [34]. Glycogen 

synthase kinase 3 (GSK3) can phosphorylate HDAC4 at position 298 and 302 to 
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proteasome-mediated degradation of HDAC4 to function as an important element of the 

signaling pathway governing HDAC4 stability [35].

On the other hand, protein phosphatases also play a critical role in regulating the 

phosphorylation status of substrates. HDAC4 has been demonstrated to be dephosphorylated 

in vitro by protein phosphatase 2A (PP2A), in which PP2A interacts with and subsequently 

dephosphorylates HDAC4. PP2A, via the dephosphorylation of multiple serines including 

the 14-3-3 binding sites and serine 298, controls HDAC4 nuclear import. Serine 298 also 

contributes to the nuclear import of HDAC4. PP2A interacts with the N-terminus of 

HDAC4, and promotes the accumulation of HDAC4 in the nucleus via dephosphorylation of 

serine 298 [36].

3.2.2 Carbonylation—Carbonylation (or alkylation) is a distinctive post-modification of 

redox signaling pathways occurring in cells after oxidative stress. Covalent binding of 

reactive carbonyl species on cysteinyl thiols of substrate proteins is termed carbonylation. 

Both cysteine-274/cystein-276 in DnaJb5 and cystein-667/cystein-669 in HDAC4 are 

oxidized and form intramolecular disulfide bonds in response to reactive oxygen species-

generating hypertrophic stimuli whereas they are reduced by thioredoxin-1. Where reduction 

of cystein-274/cystein-276 in DnaJb5 is essential for interaction between DnaJb5 and 

HDAC4, the reduction of cystein-667/cystein-669 in HDAC4 inhibits its nuclear export 

independently of its phosphorylation status [37]. Knockdown of Nox4, but not Nox2, 

attenuated O2− production in the nucleus and prevented phenylephrine-induced oxidation 

and nuclear exit of HDAC4. HDAC4 oxidation and cardiac hypertrophy were also 

attenuated in cardiac-specific Nox4 knockout mice [38].

3.2.3 Sumoylation—SUMO (small ubiquitin-like modifier) modification is the covalent 

attachment of SUMO to lysine residues. Analogous to ubiquination, the conjugation of 

SUMO proteins (SUMO1, SUMO2, and SUMO3) to lysines of targets substrates plays a 

critical role in modulating the activity and degradation of targeted proteins. HDAC4 was 

found to be recognized by SUMO-1 at a single lysine residue (lysine559) which is modified 

by SUMO-2 chains in vivo [39]. Sumoylated lysine-559 promoted by the E3 SUMO-protein 

ligase RANBP2 did not affect its subcellular distribution and the binding to some of its 

known interaction partners [40]. However, HDAC4 at lysine 559 mutation displayed 

significantly impaired transcriptional repression and enzymatic activities relative to the 

wild-type HDAC4 protein. Sumoylation of HDAC4 was prevented by phosphorylation by 

CaMK4.

3.2.4 Ubiquitination—Ubiquitin (Ub) is a small protein conjugated to lysine residues of 

target substrates through an isopeptide bond, as a single monomer or as a polyubiquitin 

chain. The reaction involves a well-defined three-step enzymatic cascade (E1 activating 

enzymes, E2 conjugating enzymes and E3 ubiquitin ligases). Polyubiquitination mainly 

targets proteins to achieve the degradation via the proteasome machinery, while 

monoubiquitination acts as a signal for different biological outputs. HDAC4 ubiquitination 

and proteasomal degradation are regulated by phosphorylation of GSK3β, however, the 

mechanism and the biological significance of HDAC4 ubiquitination still remains to be 

clarified [35].
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3.2.5 Proteolytic cleavage—HDAC4 nuclear/cytoplasmic shuttling is also mediated by 

proteolysis during the occurring apoptosis. HDAC4 is cleaved by caspase-2 and -3 at 

aspartic acid 289. The caspase-cleaved amino-terminal fragment of HDAC4 containing the 

nuclear localization signal accumulates in the nucleus, represses transcription and induces 

cell death and acts as a strong repressor of the MEF2C [41–45]. Relative to other nuclear 

forms of HDAC4, a caspase-generated nuclear fragment exhibits marked death phenotype 

coupled with increased repressive effect on Runx2- or SRF-dependent transcription. 

Caspase-generated N-terminal fragment mainly accumulates in the nuclei and represses 

Runx2- or SRF-dependent transcription although this fragment does not contain C-terminal 

Zinc binding domain for substrate recognition and in the association of HDAC4 with the 

HDAC3·N-CoR co-repressor complex. The caspase-generated fragment is weakly bound to 

chromatin, whereas an HDAC4 mutant defective in 14-3-3 binding forms a more stable 

complex with HDAC5 protein [43].

4. Subcelluar HDAC4 and its substrates

The HDAC4 gene expression can be regulated at the levels of transcription, 

posttranscription, (microRNA and RNA stability) and protein stability (protease 

degradation). HDAC4 shuttles between the nucleus and cytoplasm, and serves as a nuclear 

corepressor that regulates bone and muscle development. The activity of HDAC4 is 

basically regulated through two major mechanisms: subcellular localization and the 

formation of multi-subunit complexes with other proteins.

4.1 Subcellular distribution

For HDAC4 translocation, HDAC4 alkylation or specific sites (S246, S467, and S632) 

HDAC4 phosphorylation will interact with 14-3-3 and translocate between cytoplasm and 

nuclear as discussed above in the HDAC4 protein posttranslational modification. HDAC4 

translocation is also regulated through interaction with transport protein CRM1 (also called 

importin 1) which mediates the nuclear export of cellular proteins (cargos) bearing a 

leucine-rich nuclear export signal (NES) [41, 46, 47] and nucleoporin 155 (Nup155) that is a 

major component of the nuclear pore complex (NPC) involved in cellular nucleo-

cytoplasmic transport [48]. HDAC4 is thought to act as transcriptional corepressors by 

deacetylating nucleosomal histones. Since these enzymes do not bind directly to DNA, the 

current model posits that their deacetylase activity is recruited to specific promoters by 

sequence-specific DNA-binding proteins. HDAC4 also interacts with different proteins, 

such as heterochromatin protein 1 (HP1) and histone methytelase distinct transcription 

factors, thus dictating HDAC4 functions at different tissues. In addition to histones, growing 

evidence suggests that HAT and HDAC target non-histone proteins, including 

transcriptional factors, which may represent general regulatory mechanisms in biological 

signaling. The biological functions of cytoplasmic HDAC4 have been well established, 

which has fully been discussed in a subsequent section of cancer in this review including 

Hypoxia-inducible factor 1-alpha (HIF-1α)[49–51], MEKK2, [52] and signal transducer and 

activator of transcription 1 (STAT1) [53].
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4.2. Regulation of histone protein deacetylation

The mechanisms of deacetylation by HDAC4 involve removing acetyl groups from both 

histones and non-histone proteins by its zinc containing catalytic domain. The reversible 

acetylation of N-terminal lysine residues at positions 9, 14, 18, and 23 of histone 3 and 5, 8, 

12, and 16 of histone 4 mediates decondensation of the nucleosome structure, alters histone 

and DNA interactions, and facilitates access and binding of transcription factors. Histone 

acetylation status is balanced by HATs and HDACs. Unlike HDAC6, HDAC4 and HDAC5 

interact with HDAC3 and RbAp48 [26]. The catalytic domain of HDAC4 tends to forms a 

multi-protein complex when it binds with partners such as the SMRT-NCoR ·HDAC3 co-

repressor complex [54]. The integrity of the catalytic domain of HDAC4 is necessary for 

recruiting the HDAC3 N-CoR repressor complex and for subsequent deacetylase activity of 

the complex. HDAC4 is a deacetylase enzymatically inactive when not associated with 

HDAC3 [55].

4.3. Regulation of non-histone protein deacetylation

Runx2 serves as a major target of the bone morphogenetic protein (BMP) pathway. BMP-2 

signaling stimulates p300- mediated Runx2 acetylation, increasing transactivation activity 

and inhibiting Smurf1- mediated degradation of Runx2. HDAC4 and HDAC5 deacetylate 

Runx2, allowing the protein to undergo Smurf-mediated degradation. Inhibition of HDAC 

increases Runx2 acetylation, potentiates BMP-2-stimulated osteoblast differentiation, and 

increases bone formation [56]. Recent works accredit HDAC4 deacetylase activity for non 

histone proteins in cytoplasm: HIF-1α [49–51], MEKK2 [52] and STAT1 [53].

4.4 Demethylation of histone proteins

Histone acetylation and methylation are the most well-characterized epigenetic marks. 

Trimethylation at H3K4, H3K36, or H3K79 results in an open chromatin configuration and 

is, therefore characteristic of euchromatin. Euchromatin is also characterized by a high level 

of histone acetylation, which is mediated by HATs. Conversely, HDACs have the ability to 

remove this epigenetic mark, which leads to transcriptional repression [57]. Methylated 

H3K9 provides a binding site for the chromodomain-containing HP1, which induces 

transcriptional repression and heterochromatinization. HDAC4 is involved in epigenetic 

gene regulation via interaction with H3K9 metyltransferase SUV39H1 and HP1, providing 

an efficient mechanism for silencing MEF2 target genes by coupling histone deacetylation 

and methylation [58, 59]. H3K9 demethylation is closely associated with nucleo-

cytoplasmic shuttling of HDAC4 and HP1 dissociation from the promoter regions of Atrial 

natriuretic peptide (ANP) and B-type Natriuretic Peptide (BNP) and repression of ANP and 

BNP gene transcription in response to MEF2 [60]. H3K9 trimethylation is enriched 

significantly after stress at one of the alternative 5′ acetylcholinesterase (AChE) promoters 

and that the accumulation of this histone mark was associated with HDAC4’s recruiting HP1 

and SUV39H1 on the AChE promoter [61]. The Fas promoter in fibroblasts from 

bleomycin-treated mice exhibited decreased histone acetylation and increased histone 3 

lysine 9 trimethylation (H3K9Me3) and this was associated with increased HDAC4 

expression [62].
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In addition, HDAC4 negatively regulates the transcription factor MEF2 through interaction 

with the SUMO E2 conjugating enzyme Ubc9. The overexpression of HDAC4 leads to 

prominent MEF2 sumoylation in vivo, whereas recombinant HDAC4 stimulates MEF2 

sumoylation in a reconstituted system in vitro. HDAC4 promotes sumoylation on a lysine 

residue that is also subject to acetylation by a MEF2 coactivator, the acetyltransferase CBP, 

suggesting a possible interplay between acetylation and sumoylation in regulating MEF2 

activity [63–65]. This proposed model is still debated and further experimental work is 

necessary to clarify whether HDAC4 directly sumoylates MEF2 or recruits the SUMO E2 

conjugating enzyme for MEF2 sumoylation.

5. Physiological functions of HDAC4

HDAC4 plays global roles in the regulation of gene transcription, cell growth, survival and 

proliferation, and their aberrant expression or activity lead to cancer development.

5.1 Chondrogensis, osteoblast differentiation and chondrocyte hypertrophy

HDAC4, which is expressed in prehypertrophic chondrocytes, regulates chondrocyte 

hypertrophy and endochondral bone formation by interacting with and inhibiting the activity 

of Runx2, a transcription factor necessary for chondrocyte hypertrophy. HDAC4− mice 

display premature ossification of developing bones due to ectopic and early onset 

chondrocyte hypertrophy, mimicking the phenotype that results from constitutive Runx2 

expression in chondrocytes [10]. Runx2 can be acetylated by p300 and acetylated-Runx2 

prevents proteins from ubiquitination. HDAC4 and HDAC5 play opposing roles in the bone 

morphogenetic protein signaling of Runx2 regulation through deacetylated-Runx2, allowing 

the protein to undergo smurf-mediated degradation [56]. TGF-beta represses osteoblast 

differentiation through the action of HDAC4 and 5, which are recruited through interaction 

with Smad3 to the Smad3/Runx2 complex at the Runx2-binding DNA sequence in 

differentiating osteoblasts [66]. HDAC4 overexpression promotes TGF-beta1- induced 

synovium-derived stem cell chondrogenesis, but inhibits chondrogenically differentiated 

stem cell hypertrophy [67].

5.2. Muscle development and cardiovascular diseases

The first stage of myogenesis involves the formation of myoblasts, which express a distinct 

subset of transcription factors, including the MEF2C. Mice lacking the MEF2C display 

defective heart morphogenesis, with development arrested at the heart looping stage [68]. 

HDAC4 directly binds and represses MEF2 function and regulates the specification of 

mesoderm cells into cardiomyoblasts by inhibiting the expression of GATA4 and Nkx2-5. 

HDAC inhibitor treatment induces the entry of mesodermal cells into the cardiac muscle 

lineage, shown by the up-regulation of transcripts Nkx2-5, MEF2C, GATA4 and cardiac 

alpha-actin. HDACs play a repressive role during the entry of mesoderm cells into the 

cardiac-muscle lineage [3]. Overexpression of HDAC4 inhibited cardiomyogenesis, shown 

by the down-regulation of cardiac muscle gene expression [69].

During muscle differentiation, HDAC4-dependent gene regulation showed that HDAC4 

mediates gene repression by the recruitment to MEF2 sites in the promoters of repressed 
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genes. The repression of gene transcription by MEF-2/HDAC complexes is relieved due to 

CaMK-induced translocation of HDAC4 and HDAC5 to the cytoplasm [28, 32, 33, 40, 45, 

46, 58, 69–72]. The hearts of transgenic mice overexpressing an activated CaMKIV undergo 

hypertrophy with the up-regulation of embryonic transcripts such as atrial natriuretic factor 

and a dramatic enhancement of MEF2C activity [73].

Cardiac hypertrophy is the heart’s response to a variety of extrinsic and intrinsic stimuli that 

impose increased biomechanical stress. A variety of cardiovascular disorders, including 

myocardial infarction, arterial hypertension, and altered contractility resulting from 

mutations of sarcomeric proteins provoke the adult heart to become enlarged because of 

hypertrophic growth of cardiomyocytes. In cardiomyocytes, CaMKII-phosphorylation of 

HDAC4 results in hypertrophic growth, which can be blocked by a signal-resistant HDAC4 

mutant [29]. In miR-22-null mice, cardiac miR-22 was found to be essential for hypertrophic 

cardiac growth in response to stress through directly targeting Sirt1 and HDAC4 [74].

HDAC4 plays a role in regulating myofilament contractile activity through the regulation of 

muscle LIM protein (MLP) deacetylation [75]. HDAC4, and HAT, p300/CBP-associated 

factor (PCAF), are associated with cardiac myofilaments. Both HDAC4 and PCAF are 

associated with the Z-disc and I- and A-bands of cardiac sarcomeres. Z-disc-associated 

protein, MLP, functions as a sensor of cardiac mechanical stretch, as an acetylated target of 

PCAF and HDAC4.

In muscle cells, all contractions are controlled by the nervous system. HDAC4 is normally 

concentrated at the neuromuscular junction [76]. Loss of neural input leads to concomitant 

nuclear accumulation of HDAC4 and transcriptional reduction of MEF2- regulated gene. In 

the surgical denervation and the neuromuscular disease amyotrophic lateral sclerosis model, 

the elevated levels of HDAC4 are required for efficient repression of MEF2-dependent 

structural gene expression. Forced expression of HDAC4 mimics the denervation and 

activates ectopic acetyl-choline receptor (nAChR) transcription throughout myofibers. 

Inactivation of HDAC4 prevents denervation-induced synaptic nAChR and muscle-specific 

receptor tyrosine kinase (MUSK) transcription [77]. HDAC4 is preferentially enriched in 

myonuclei of fast oxidative skeletal muscle fibers and knockdown of HDAC4 enhances 

glycolysis in myotubes [78].

5.3. Neuronal survival and mental disease

HDAC4 is present in the perikaryial cytoplasm of most neurons but its nuclear localization 

is variable. In the dentate gyrus, nuclear expression is not detectable, whereas in other areas 

some neuronal nuclei contain HDAC4 signal whereas others do not [79]. HDAC4 is 

normally localized to the cytoplasm in brain tissue and cultured cerebellar granule neurons. 

HDAC4 rapidly translocates into the nucleus in response to low-potassium or excitotoxic 

glutamate conditions that induce neuronal cell death. Treatment with the neuronal survival 

factor (brain-derived neurotrophic factor, BDNF) suppresses HDAC4 nuclear translocation, 

whereas a proapoptotic CaMK inhibitor stimulates HDAC4 nuclear accumulation. 

Moreover, ectopic expression of nuclear-localized HDAC4 promotes neuronal apoptosis and 

represses the transcriptional activities of MEF2 and cAMP response element-binding 

protein, survival factors [80]. HDACs play an important role in neuronal survival and 
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photoreceptor development. MEF2-HDAC4 transcriptional complex is involved in neuron 

survival as a target of ataxin-1 [81]. The subcellular localization of HDACs in neurones is 

specified by neuronal activity. Spontaneous electrical activity was sufficient for nuclear 

export of HDAC4 but not for HDAC5 [82]. Huntington’s disease (HD) is a 

neurodegenerative genetic disorder that affects muscle coordination and leads to cognitive 

decline and psychiatric problems. miR-22 has multipartite anti-neurodegenerative activities 

including the inhibition of apoptosis and the targeting of genes (including HDAC4, Rcor1 

and Rgs2) implicated in the etiology of HD [83].

Reduction in HDAC4 expression during normal retinal development led to apoptosis of rod 

photoreceptors and bipolar interneurons, whereas overexpression reduced naturally 

occurring cell death of the BP cells. HDAC4 overexpression in a mouse model of retinal 

degeneration prolonged photoreceptor survival. The survival effect was due to the activity of 

HDAC4 in the cytoplasm [84]. HDAC4 works to repress PPARgamma transcription and 

regulates neuronal death by inhibiting PPARgamma pro-survival activity in cultured cortical 

neurons under oxidative stress [85].

Defects in HDAC4 are the cause of brachydactyly-mental retardation syndrome [86]. A 

syndrome resembling the physical anomalies found in Albright hereditary osteodystrophy. 

Common features are mild facial dysmorphism, congenital heart defects, distinct 

brachydactyly type E, mental retardation, developmental delays, seizures, autism spectrum 

disorder, and stocky build. In a study from 278 patients with schizophrenia and 234 normal 

controls from a Korean population, single nucleotide polymorphisms analysis demonstrates 

that the HDAC4 gene showed associations with schizophreniain the codominant and 

dominant models [87]. Ataxia telangiectasia is a neurodegenerative disease caused by 

mutation of the Atm gene. In the Atm deficiency mice, nuclear accumulation of HDAC4 in 

neurons promotes neurodegeneration [88].

5.4. Pancreatic beta/delta-cell lineage specification

Class IIa HDAC4, -5, and -9 have unexpected restricted expression in the endocrine beta- 

and delta-cells of the pancreas. HDAC4, -5, and -9 are key regulators in controlling the 

pancreatic beta/delta-cell lineage. Analyses of the pancreas of class IIa HDAC mutant mice 

revealed an increased pool of insulin-producing beta-cells in HDAC5−/− and HDAC9−/− 

mice and an increased pool of somatostatin-producing delta-cells in HDAC4−/− and 

HDAC5−/− mice. HDAC4 and HDAC5 overexpression showed a decreased pool of insulin-

producing beta-cells and somatostatin-producing delta-cells [89].

5.5. Cancer

Cancer has been considered to be the result of a wide variety of epigenetic dysregulation, 

chromosome translocations, deletions, and point mutations. In some acute leukaemias, a 

chromosomal translocation fusing the promyelocyte leukemia zinc finger (PLZF) gene, the 

promyelocytic leukaemia zinc-finger protein, to that encoding the retinoic acid receptor 

RARalpha gives rise to a fusion protein, PLZF-RARalpha, thought to be responsible for 

constitutive repression of differentiation-associated genes. HDAC4 was found to interact 

with the leukemic PLZF-RARa fusion protein and to mediate repression of differentiation-
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associated genes in the leukaemic cells [90]. Inhibition of HDAC activities with HDAC 

inhibitors in clinical and basic experiments indicates potential benefit of HDAC inhibitors in 

treating cancer. Development of specific HDAC isoform inhibitors by inhibiting its activity 

to achieve clinical implication in cancer therapy is realized as one of the most promising 

approach. BCL6 is a member of the POZ/zinc finger family involved in survival and/or 

differentiation in B cell lymphoma upon chromosomal alteration. HDAC4 associates with 

BCL6 and PLZF in vivo and in vitro to mediate transcriptional repression [91]. microRNAs 

are involved in the initiation and progression of cancer. miR-155 is one of the most 

overexpressed miRNAs in several solid and hematological malignancies. miR-150 can 

directly target 3′UTR of HDAC4 and inhibit HDAC4 protein translation. Ectopic expression 

of HDAC4 in humanactivated B-cell-type diffuses large B-cell lymphoma (DLBCL) cells 

resulting in reduced miR-155-induced proliferation, clonogenic potential, and increased 

apoptosis [23].

HDAC4 is maximally expressed in the proliferative compartment in normal colonic and 

small intestinal epithelium, and its expression is down-regulated during differentiation. 

HDAC4 interacts with Sp1 and reduces histone H3 acetylation at the Sp1/Sp3 binding site-

rich p21 (WAF1/Cip1) proximal promoter. Induction of p21 (WAF1/Cip1) mediated by 

silencing of HDAC4 arrested cancer cell growth and inhibited tumor growth in human 

glioblastoma model [92, 93]. X-linked tumor suppressor forkhead box P3 (FOXP3) is 

essential for p21 expression in normal epithelia and the lack of FOXP3 is associated with 

p21 down-regulation in breast cancer samples. FOXP3 specifically inhibited binding of 

HDAC4 and increased local histone H3 acetylation[94]. In hepatocellular carcinoma, 

HDAC4, known to have critical roles in cancer development, was directly targeted and 

regulated by miR-22. Furthermore, HDAC4 was up-regulated in miR-22-downregulated 

HCC tissues [18]. In hepatocellular carcinoma cells, miR-200a directly targets HDAC4. 

However, HDAC4 also inhibited the expression of miR-200a and its promoter activity and 

reduced the histone H3 acetylation level at the miR-200a promoter through a Sp1-dependent 

pathway. miR-200a also induced the up-regulation of total acetyl-histone H3 levels and 

increased the histone H3 acetylation level at the p21WAF/Cip1 promoter miR-22 and 

miR-200a [14, 18].

Ovarian cancer frequently acquires resistance to platinum chemotherapy, representing a 

major challenge for improving patient survival. Analysis of the paired tumor biopsies taken 

before and after development of clinical platinum resistance showed significantly increased 

HDAC4 expression in resistant tumors [53]. PLU-1/JARID1B, which is expressed in a high 

proportion of breast cancers, interacts with HDAC4 and is coexpressed in breast cancers 

[95]. The bladder tumor tissue arrays analysis demonstrated that the frequency of the 

HDAC4-positive tissue specimens was much higher in the bladder tumors than in the normal 

bladder tissues. The HDAC4 was also significantly increased in the urinary bladder 

transitional cell carcinomas in comparison to normal bladder tissues [96]. HIF1α is an 

essential part of the HIF-1 transcriptional complex that regulates angiogenesis, cellular 

metabolism, and cancer development [49–51, 97]. HIF1α acetylation can be increased by 

HDAC4 shRNA but not, HDAC1 or HDAC3 shRNA. Inhibition of HDAC4 decreases both 

the HIF-1 transcriptional activity and a subset of HIF-1 hypoxia target gene expression, and 

reduces the resistance to docetaxel chemotherapy.
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miR-140 is involved in the chemoresistance by reduced cell proliferation through G(1) and 

G(2) phase arrest mediated in part through the suppression of HDAC4 in osteosarcoma 

tumor and colon cancer[98]. Tasquinimod is an orally active antiangiogenic drug that is 

currently in phase III clinical trials for the treatment of castration-resistant prostate cancer. 

Tasquinimod directly binds to HDAC4 thereby inhibiting deacetylation of histones and 

HDAC4 client transcription factors, such as HIF-1α [99].

6. The future perspectives

HDACs appear to be key enzymes in the regulation of gene expression. HDAC function 

appears to be regulated by the intrinsic features of each HDAC4, including abundance, 

cellular compartmentalization and association with cofactors. In-depth investigation of the 

biochemistry and interplay of posttranscriptional and posttranslational modifications of 

HDAC4 will reveal a novel mechanism(s) by which HDAC4 is involved in many 

physiological and pathological disorders. Future investigations may provide insight for 

developing highly selective pharmacological drugs such as inhibitors of the pathology-

associated HDAC4 or HDAC modifying enzyme to initiate clinical trials for the treatment of 

diseases. We need to critically consider the non-histone targets of HDAC4, which contains 

many important transcription factors. Knowledge from the targets of HDAC4 regulation is 

expected to improve our comprehension of HDAC4 biological activity and functions. 

Further studies of both the downstream and the upstream targets of HDAC4 will extend our 

knowledge of the biological role of HDAC4 and may suggest novel combined therapeutic 

strategies for human diseases.

Executive Summary

HDAC4, a key member of class IIa HDACs, is expressed in multiple tissues. Recent 

evidence has demonstrated that HDAC4 plays an important role in modulation of biological 

responses and pathological disorders. This review primarily focuses on the molecular 

mechanisms of the HDAC4 regulation and its physiological function.
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Executive Summary

Molecular basis of transcriptional and post transcriptional regulation

HDAC4 is subject to the transcriptional and post transcriptional regulations: transcription 

factors Sp1 and Sp3 directly bind to specific consensus GC-rich sequence in the HDAC4 

promoter to drive HDAC4 transcription. Several miRNAs target HDAC4 to modulate the 

cellular responses and biological functions in different cell types.

Protein domain structure and post translational modifications

Human HDAC4 genes encode proteins between 972 to 1084 amino acids and mouse 

HDAC4 genes encode proteins between 965 to 1076 amino acids. HDAC4 itself is post-

transcriptionally modified via phophorylation, carbonylation, sumoylation, 

unbiquitination, and proteolytic cleavage.

Subcelluar HDAC4 and its substrates

The activity of HDAC4 is regulated through subcellular localization and the formation of 

multi-subunit complexes with other proteins. HDAC4 regulates acetylation and 

deacetylation of histone and no-histone proteins. It also induces demethylation of histone 

proteins.

Physiological functions of HDAC4

HDAC4 plays global roles in the regulation of gene transcription, cell growth, survival, 

and proliferation, and their aberrant expression or activity leads to cancer development. 

HDAC4 regulates chondrocyte hypertrophy and endochondral bone formation, muscle 

development, and cardiovascular diseases. Nuclear accumulation of HDAC4 in neurons 

promotes neurodegeneration, but defects in HDAC4 are the cause of brachydactyly-

mental retardation syndrome. HDAC4 overexpression showed a decreased pool of 

insulin-producing beta-cells and somatostatin-producing delta-cells. HDAC4 is closely 

associated with the development of tumors in many tissues.

The future perspectives

Investigation of the modifications and functions of HDAC4 will reveal a novel 

mechanism(s) by which HDAC4 is involved in many physiological and pathological 

disorders. Further studies of both the downstream and the upstream targets of HDAC4 

will extend our knowledge of the biological role of HDAC4 and may suggest novel 

therapeutic strategies for human diseases.
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Figure 1. microRNAs target sites localized in the 3′UTR of HDAC4
Schematic representation of microRNAs target sites localized in the 4.5kb 3′UTR of 

HDAC4.

Wang et al. Page 19

Epigenomics. Author manuscript; available in PMC 2015 March 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Domain organization and known post-translational modifications of HDAC4
Schematic representation of HDAC4 is shown below. The total number of amino ac id 

residues (aa) is depicted on the left, and the deacetylase domains are highlighted in gray. 

Phosphorylated (P), Sumoylated residues (S) and acetylated (A) residues are marked with a 

circle. Polyubiquitylation (U) is illustrated by multiple hexagons. The positions of modified 

amino acids are indicated next to each modification. Post-translational modifications that 

were detected without identification of the exact position are shown on the right and are 

marked by !?. NLS: nuclear localization
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Table 1
Summary of the PTM code on HDAC4

Post translational modification

Enzyme site Function refs

Phosphorylation CaMKII/IV Ser-246, Ser-467 and 
Ser-632

Stimulation of catalytic activity and binding properties (42)

ERK1/2 Not determined Nuclear-cytoplasm translocation (32)

PKA Y201 Proteolytic cleavage (31)

GSK3 Ser-298, Ser-302 Regulating HDAC4 proteolytic cleavage and ubiquitylation (33)

PP2A Ser-298 abrogation of catalytic activity and binding properties (33,43)

SUMOylation RanBP2 K559 Transcriptional repression and enzymatic activity (38)

Ubiquitination undetermined undetermined Regulayin of protein stability (33)

Carbonylation Trx1 Cys-667/Cys-669 nuclear export (35,36)

Proteolytic cleavage Caspase-3 D289 N-terminal inhibits translocate into Nuclear and bind MEF2 (39, 40)

Abbreviations: PTM: Post-transcriptional modulation; CaMK: Calcium/calmodulin-dependent protein kinase; ERK1/2: Extracellular signal-
regulated kinases 1 and 2; PKA: Protein kinase A; GSK3: Glycogen synthase kinase 3; PP2A: protein phosphatase 2A; Trx1: Thioredoxin 1.
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