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HDACs and HATs are two kinds of enzymes which catalyse deacetylation and acetylation of histone in eukaryotes, 
whose dynamic balance has accurate regulation for gene transcription and gene expression of eukaryotes at DNA 
level. Disbalance of them can bring the disorder of proliferation and differentiation in normal cells, and then lead 
to the initiation of tumor. Their aberrant functions were directly related to the initiation and progression of various 
tumors, such as promyelocytic leukemia, Hodgkin lymphoma, colonic cancer and gastral cancer. The inhibitors of 
HDACs are used for treatment of tumor. They can restrain the activity of HDACs and block the inhibition of gene 
expression caused by the disorder of deacetylation. Its major biological effects lie in inducing differentiation of 
tumor cells, arresting cell circle at G0/G1, activating cell apoptosis gene, enhancing the sensitivity of chemical 
therapy and radioactive therapy. So far HDAC has been an important target enzyme in anticancer drug research. 
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Introduction 
 
Most of anticancer drugs have side effects on human normal 
cells when they were used to treat tumor cells, for example, 
bone marrow depression and myocardium damage even can 
lead to death. All-trans retinoic acid (ATRA) was 
successfully used to treat acute promyelocytic leukemia 
(APL) by ways of inducing differentiation and apoptosis (1). 
Then some effective differentiation inducers were taken to 
treat other types of leukemia and solid tumors because of 
high remission rate and few side effects (2). Histone 
deacetylase (HDAC) inhibitors are a new class of targeted 
anticancer agents, which are potent inducers of growth arrest, 
differentiation, and/or apoptotic cell death of transformed 
cells in vitro and in vivo. Several HDAC inhibitors are in 
clinical trials and have shown significant activity against a 
spectrum of both haematological and solid tumors at doses 
that are well tolerated by patients. HDACs and histone 
acetyltransferases can, by reversible acetylation, modify the 

structure and function of histones and proteins in 
transcription factor complexes, which are involved in the 
regulation of gene expression, as well as many non-histone 
proteins that are involved in regulating cell proliferation and 
cell death. HDAC inhibitors are a group of structurally 
diverse molecules, which selectively altered the expression of 
genes. HDAC inhibitors can induce cancer cell death, 
whereas normal cells are relatively resistant to HDAC 
inhibitor-induced cell death (3). It has been confirmed that 
HDAC inhibitors could be used to induce differentiation of 
leukemia cells or solid tumor cells, for example sodium 
butyrate and trichostatin A (TSA) could increase the 
remission rate of many kinds of tumors obviously by 
cooperation with other anticancer drugs (4). Thereby we 
reviewed the progress of histone deacetylase inhibitors used 
in treatment of tumor cells, with analysis of its mechanism. 
 
Classification of HDAC and HDAC inhibitors 
 
HDACs almost exist in all creatures, and can be classified 
into three main families depending on the homology of 
transcriptional control factor sequence in yeast. At least 18 
kinds of HDACs have been found, including HDAC1 to 11 
and SIRT1 to 7 (Table 1). 

Inhibitors of these enzymes can induce arrest of growth, 
differentiation and apoptosis of many cultural transformed 
cells. Pristine HDAC inhibitor was usually found from 
natural product of microorganism. Sodium butyrate is the 
first confirmed HDAC inhibitor and it belongs to the natural 
short-chain fatty acid which is fermental production of 
bacterium in colon. Another frequent HDAC inhibitor is TSA, 
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Derived from metabolic product of streptomycete, it is one of 
the classic and representative drugs of HDAC inhibitors (5). 
Several natural and synthetic HDAC inhibitors have been 
shown to affect the growth and survival of tumor cells in 
vitro and in vivo. Interestingly, three dietary chemo- 
preventive agents, butyrate, diallyl disulfide, and sulf- 
oraphane, also have HDAC inhibitory activity (6). There are 
ranges of structurally diverse HDAC inhibitors which are 
either product isolated and purified from natural sources or 
synthetically produced compounds. These compounds can be 
divided into six groups based on their structure (Table 2). 
Hydroxamic acid-derived compounds including TSA and 
suberoylanilide hydroxamic acid (SAHA), et al.; Cyclic 
tetrapeptides: Depsipeptide (FK228, FR901228), Apicidine, 
Trapoxin et al; Short-chain fatty acides: Valproic acid (VA), 
Phenyl butyrate (PB), Sodium butyrate (SB), et al.; Synthetic 
pyridyl carbamate derivative: MS-275; Synthetic benzamide 
derivatives: CI-994 (N-acetyldinaline); Ketones: Trifluoro- 
methyl ketone (7). 

These compounds have polar end which binds zinc ion of 
HDAC catalytic pocket structure, other part produce effect 
through block passage of active site. Mechanism of action of 
hydroxamic acid groups were interaction with catalytic site 
of HDAC through X ray crystallized detection, which blocks 
substrate approach active zinc ion of enzymes (8). Other 
HDAC inhibitors bind to HDAC active site powerfully and 
the effect of inhibit HDAC is stronger. The extensive used 
compound in clinic is short-chain fatty acid, like butyrate, but 
the action of these compound present non-specificity, week 
effect and large toxic and side effect, and it’s hard to achieve 
effective inhibiting concentration in vivo. Another short- 
chain fatty acid drug valproic acid, which was used to treat 
epilepsy and mental disease in clinic, can inhibit the activity 
of HDAC at clinical application dose, and inhibit the effect 
of class I HDAC better than class II HDAC (9). More 
effective and lower toxic HDAC inhibitor, for example, TSA, 
SAHA, Depsipeptide and MS-27-275, are in tissue culture 
and animal experiment of preclinical phase or phase I clinical 
research. 
 
Clinical experiment of HDAC inhibitors 
 
Many lines of evidence indicate that histone hypo-acetylation 
induces repression of tumor suppressor gene expression. 
Small molecular inhibitors of HDAC (HDACI) are highly 
effective in up-regulating tumor suppressor gene expression, 

reducing tumor growth and inducing programmed cell death 
in vitro and in cancer patients in phase I and II clinical trials 
(10). Warrell et al. first used HDAC inhibitor for treatment of 
acute promyelocytic leukemia patient in 1998 after solo 
all-trans retinoic acid treatment; then applied sodium 
phenylbutyrate and ATRA for combined chemotherapy, the 
dose of ATRA and PB increased to 90 mg/m2/d and 210 
mg/kg/d after three weeks treatment; and leukemia cells 
percentage of bone marrow reported decreased from 23% to 
9% after two weeks; next bone marrow report showed 
leukemia cells were cleared and reached complete remission 

Table 1. Classification of histone deacetylases 
 
Class HDAC Homology with yeast Molecular weight 
Class I HDAC1, 2, 3, 8 RPD3 deacetylase 22-25 kD 
Class II HDAC4, 5, 6, 7, 9, 10, 11* HDA1 deacetylase 120-135 kD 
Class III** SIRT1~7 SIRT2 family 40-50 kD 

*HDAC11 has conserved residues in the catalytic core region that are shared by both class I and class II enzymes. 
**Class III HDACs are NAD+-dependent enzymes. 
 
 
 

 
 
Table 2. Natural and synthetically produced inhibitors of 
HDAC 
 
Group Examples 

Hydroxamic acid- 
derived compounds

Trichostatin (TSA) 
Suberoylanilide hydroxamic acid (SAHA) 
M-carboxycinnamic acid bis-hydroxamide 
(CBHA) 
Azelaic bis-hydroxamic acid (ABHA) 
NVP-LAQ824 
LBH589 
Oxamflatin 
PXD101 
Scriptaid 
Pyroxamide 

Cyclic tetrapeptides Depsipeptide (FK228, FR901228) 
Apicidine 
Trapoxin 
HC-toxin 
Chlamydocin 
Depudesin 
CHAPS 

Short-chain fatty 
acids 

Valproic acid (VA) 
Phenyl butyrate (PB) 
Phenyl acetate (PA) 
Sodium butyrate (SB) 
AN-9 (Pivanex) 

Synthetic pyridyl 
carbamate derivative

MS-275 

Synthetic benzamide 
derivatives 

CI-994 (N-acetyldinaline) 

Ketones Trifluoromethyl ketone 
α-ketomides 
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ten days later. This patient procured remission at molecular 
level (PML-RARα negative) in the second course of 
treatment, and maintained complete remission condition 
more than seven months (11). Recently, some phase I and 
phase II clinical trial of HADC inhibitor were undertaking. 
FK228 (12) and SAHA (13) were the hots spot of them. 
Phase I clinical test of FK228 in National Cancer Institute of 
American showed that three cases of T cell lymphoma 
patients involved skin obtained partial remission and one 
case of peripheral T cell lymphoma patient gained complete 
remission (14). In hematologic malignancies, such as diffuse 
large B-cell lymphoma, the HDAC inhibitor (HDACI), 
suberoylanilide hydroxamic acid (SAHA), was recently 
allowed for phase II and III clinical trials (15). Many of the 
HDAC inhibitors demonstrated pharmacological activity 
against different tumor cell lines in vitro. However, despite 
such positive preclinical results, some compounds had 
limited clinical applicability. TSA, for example, showed 
excessive cardiotoxicity and is unstable under in vivo 
conditions (16). These findings have led to the search for 
agents with proven preclinical and clinical efficacy. 
 
Molecular mechanism of HDAC inhibitors in 
anticancer effects 
 
There are several enzymes, including acetylases and 
deacetylases, that can regulate transcription by modifying the 
acetylation state of histones or other promoter-bound 

transcription factors. These enzymes reveal their involvement 
in cell-cycle regulation and differentiation. Furthermore, 
accumulating evidence suggests that deregulation of 
acetylase and deacetylase activity plays a causative role in 
the generation of cancer (17). Restraining HDAC activity and 
preventing the deacetylation of histone may induce 
hyperacetylation of histone, then unfolding ordered chromo- 
some and promote transcription factors combined with DNA, 
so genes which are inhibited can express and exert the effect 
of cure tumor (18) (Figure 1). HDAC enzymes remove the 
acetyl group from the histone (hypoacetylation), thereby 
decrease the space between the nucleosome and the DNA 
wrapped around it, diminishing transcription factor access 
and leading to transcriptional repression (19). The catalytic 
domain of the HDAC is formed by a stretch of 390 amino 
acids containing a set of conserved residues. The active site 
of the enzyme consists of a curved tubular pocket with a 
wider bottom. Removal of an acetyl group occurs via a 
charge-relay system, an important component of which is the 
zinc-binding site at the bottom of the pocket. The presence of 
a zinc ion at this site is an important factor in the mechanism 
of action of HDAC inhibitors. 
 
Effects of HDAC inhibitors on solid tumor cells 
 
In HT-29 cells, sodium butyrate-mediated growth inhibition 
is associated with a marked decrease in cyclin B1 mRNA 
levels. The decrease in cyclin B1 occurred in a delayed 

Relaxed chromatin Compacted chromatin

Deacetylated histones

Transcriptional repression of   
pre-programmed set of genes

Cell growth

Tumor growth

Hyperacetylated histones

Transcriptional activation of 
pre-programmed set of genes

Cell growth arrest, 
differentiation and/or apoptosis

Inhibition of tumor growth

HDAC HAT

HDAC Inhibitors
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Activation Repression

Histone tail
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Figure 1. Molecular mechanism of HDAC inhibitors in anticancer effects. Transcriptional repression in chromatin with HDAC can lead 
to cell growth and tumor growth; transcriptional activation in chromatin with HAT can lead to cell growth arrest, differentiation and/or 
apoptosis and inhibition of tumor growth. HDAC inhibitor can directly inhibit HDAC and indirectly activate HAT. 
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fashion (at 24 h), is completely blocked by concomitant 
treatment with protein synthesis inhibitors, and appears to be 
dependent on changes in transcription. Cyclin B1 repression 
is linked to the differentiation process in colon cancer cells, 
not merely with growth arrest. The mechanism of cyclin B1 
repression by butyrate requires prolonged histone 
hyperacetylation and is at least partly dependent on p21 
expression. In fact, p21/WAF-1 appears to directly repress a 
minimal cyclin B1 promoter (-90 bp), a process that can be 
mediated by the amino-terminal portion of the p21 protein 
(20). TSA or NaBu blocked two colon cancer cell lines 
(SW1116 and Colo-320) mainly in the G1 phase. In these 
two human colon cancer cell lines, HDAC inhibitors 
increased the p21 (WAF1) gene expression by selectively 
increasing the degree of acetylation of the gene-associated 
histones, and induced a G1 cell cycle arrest (21). The histone 
deacetylase inhibitor-induced apoptosis for three pancreatic 
adenocarcinoma cell lines (IMIM-PC-1, IMIM-PC-2 and 
RWP-1) due to a serine protease-dependent and caspase- 
independent mechanism. Initially, histone deacetylase 
inhibitors increase Bax protein levels without affecting Bcl-2 
levels. Consequently, the apoptosis-inducing factor (AIF) and 
Omi/HtrA2 are released from the mitochondria, with the 
subsequent induction of the apoptotic program. These 
phenomena require AIF relocalization into the nuclei to 
induce DNA fragmentation and a serine protease activity of 
Omi/HtrA2 (22). Apoptosis of a human lung carcinoma cell 
line (A549) by TSA was associated with a down-regulation 
of anti-apoptotic Bcl-2 protein and an up-regulation of 
pro-apoptotic Bax protein. TSA treatment induced the 
proteolytic activation of caspase-3 and caspase-9, and a 
concomitant degradation of poly (ADP-ribose)-polymerase 
protein. Furthermore, TSA decreased the levels of COX-2 
mRNA and protein expression without significant changes at 
the level of COX-1, which was correlated with an inhibition 
in prostaglandin E2 synthesis (23). Melanoma cells often 
retain wild-type p53 tumor suppressor protein and express it 
at high levels, the p53 mediated apoptosis pathway is 
suppressed. TSA can stabilized wild-type p53, but p53 
protein accumulation was overridden by simultaneous down- 
regulation of p53 mRNA leading to a decrease in p53 protein. 
Growth arrest was induced in all cell lines studied and 
apoptosis in most (6/7), these cellular effects were 
independent of the p53 status of the cells. Inhibiting p53 
function by a dominant negative p53 (175His) confirmed that 
the HDAC inhibitor induced apoptosis was independent of 
wild-type p53, even though TSA slightly activated p53 in a 
reporter assay. The results indicate that while the action of 
TSA is independent of p53, the activation of the apoptosis 
pathway by the HDAC inhibitors may provide therapeutic 
approaches for melanoma treatment (24). Breast cancer 
cell-conditioned medium enhanced phosphorylation of 
activator transcription factor-2 (ATF-2) which was the main 
modulatory subtype in CREB/ATF-2 family. The effect of 
sodium butyrate on aromatase expression in breast tumor 
fibroblasts was mediated by inhibition of phosphorylation of 
ATF-2, and hence, the inhibition of binding of a trans- 
criptional complex containing phosphorylated ATF-2, C/EBP 

β and CREB binding protein (CBP) to promoter II and I.3 
regulatory region. Sodium butyrate reduces the level of 
aromatase mRNA arising from cancer-induced promoter 
region. The aberrant activation of promoter II and I.3 in HAF 
is dependent on the phosphorylation of ATF-2 (25). Exposing 
A2780 ovarian cancer cells to the histone deacetylase 
inhibitor TSA produced a marked change in cellular 
morphology, proliferation, and differentiation. Within 24 h of 
TSA treatment, there was a morphological transformation of 
the cells, with increased cytoplasm, a more epithelial-like 
columnar appearance, and the emergence of distinct cellular 
boundaries. Commensurate with the morphological trans- 
formation, TSA also inhibited cell proliferation. TSA can 
induce epithelial-like differentiation with increased cyto- 
keratin expression and the reappearance of intercellular plasma 
membrane junctions and primitive microvillus. In conclusion, 
the observed TSA-induced changes in p21, Rb, and Id1 are 
consistent with cell cycle senescence and differentiation of 
A2780 ovarian cancer cells (26). 
 
Effects of HDAC inhibitors on leukemia cells 
 
Extensive research of the effect in vitro of many HDAC 
inhibitor for different tumor cell lines showed that HDAC 
inhibitor can lead many leukemia cell lines to different extent 
of differentiation, apoptosis and block cell circle at G0~G1 
period or G2~M period. The effect depends on the type of 
cell lines, different drugs and action time. Activated fusion 
proteins such as PML-RARα have been shown to inhibit 
cellular differentiation by recruitment of nuclear corepressor 
complexes, which maintain local HDAC in a variety of 
hematologic lineage-specific gene promoters. This HDAC- 
dependent transcriptional repression appears as a common 
pathway in the development of leukemia and could constitute 
an important target for new therapeutic agents (27). 
Phenylbutyric acid can induce the differentiation and 
apoptosis of cell lines U937, HL-60, ML-1, K562, NB4, 
Kasumi-1, et al. Butyric acid and TSA can induce NB4 cell 
line differentiation and apoptosis, and obtain same results of 
acute premyelocytic leukemia patient’s primary cell (28, 29). 
In chronic myelocytic leukemia (CML) the activity of the 
Bcr-Abl tyrosine kinase is known to activate a number of 
molecular mechanisms, which inhibit apoptosis. SAHA- 
induced apoptosis in BV-173 cells, which involves decreased 
protein expression levels of Bcr-Abl, c-Myc and HDAC3 
(30). Depsipeptide can up-regulate IL-3 gene expression of 
AML1/ETO positive leukemia cell, and IL-3 is essential 
signal transduction regulating gene for normal haemato- 
poiesis (31). Apicidin might induce apoptosis of HL-60 cell 
through selective induction of Fas/Fas ligand, resulting in the 
release of cytochrome c from the mitochondria to the cytosol 
and subsequent activation of caspase-9 and caspase-3 (32). 
Low dose of sodium butyrate and Trichostatin can induce 
K562 cell line differentiation. They can block K562 cell 
cycle in different stage, but the differentiation both through 
inducing P21 and cyclin D3 expresses (33). HDAC inhibitors 
enhance the apoptosis-inducing potential of TRAIL in 
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leukemia cells (HL60, Jurkat, K562, and U937) through 
multiple mechanisms, which can up-regulate DR4, DR5, Bak, 
Bax, Bim, Noxa and PUMA, down-regulate IAPs, Mcl-1, 
Bcl-2, Bcl-XL and cFLIP, release mitochondrial proteins 
(cytochrome c, Smac/DIABLO and Omi/Htr2) to the cytosol, 
induct p21WAF1/CIP1 and p27KIP1, activate caspase-3 and 
cleave poly (ADP-ribose) polymerase (PARP). The up- 
regulation of death receptors and inhibition of cFLIP by 
HDAC inhibitors will increase the ability of TRAIL to induce 
apoptosis, due to enhance activation of caspase-8, cleavage 
of Bid, release of mitochondrial proteins to the cytosol, and 
subsequent activation of caspase-9 and caspase-3 (34). The 
link between altered HDAC activity and tumorigenesis is 
probably best demonstrated in acute promyelocytic leukemia 
(APL). The retinoic acid receptor (RAR) transcription factors 
RARa and its heterodimerization partner RXR bind to 
retinoic acid response elements (RAREs) and, in the absence 
of retinoids, repress transcription through a complex 
involving SIN3/HDAC, NCOR and SMRT. Addition of 
retinoic acid enables HATs (such as TIF2 and CBP) to 
replace the HDACs, thereby activating transcription (35, 36). 
HDAC inhibitor can induce many lymphocytic leukemia 
differentiation and apoptosis. Depsipeptide induce bd-6 
positive Raji cell and lymphocytic leukemia cell cycle 
blockage and apoptosis, chronic lymphocytic leukemia cell 
and myeloma cell are sensitive to HDAC inhibitor either (37). 
SAHA can induce diffuse large cell lymphoma and Hodgkin 
disease cell lines apoptosis. HDAC inhibitors are very 
sensitive to IL-2 dependent cell lines, there are extensive 
acetylation in these cells, but target genes (like myc) of IL-2 
pathway were inhibited indicating CD25+（IL-2R）tumor can 
be treated by HDAC inhibitors (38). As been noted above, 
the anticancer mechanism of HDAC inhibitor is dependent 
on the regulation of gene express, large experiments in vivo 
and in vitro have confirmed that there are three kinds of 
anticancer mechanisms: 1) block cell cycle and promote cell 
differentiation, 2) induce cell apoptosis, 3) inhibit angio- 
genesis. 
 
Perspective 
 
Anticancer actions of HDAC inhibitors due to inhibit 
deacetylation of histone mainly thus relieve transcription 
inhibition of some genes. More genes whose transcription 
activation is related with histone acetylation should be 
detected following deep research of cell proliferation, 
differentiation and apoptosis, and translation to corre- 
sponding protein produce further effect. But histone acetylation/ 
deacetylation as a spot of complex gene express regulating 
net in eukaryotes, is influenced necessarily by other bio- 
molecules. HDAC inhibitor has other drug action target 
except histone: HDAC can induce some hertones as trans- 
cription factor P53, GATA21, NF2YA deacetylation and 
regulating activity of binding to DNA (39). Therefore HDAC 
inhibitor may selective induce some gene expression related 
with tumor cell differentiation and apoptosis through 
regulating acetylation level of these transcription factors. 

Careful trial design is important in order to fully exploit 
agents such as the HDAC inhibitors. The use of surrogate 
markers of activity will be important, as a detailed 
appreciation of their mechanism of action to ensure the 
optimal clinical application of these agents. The fact that 
several HDAC inhibitors are in early stage clinical trials 
means we can expect to see an increasing number of 
published reports on their efficacy and potential clinical 
application. In a word, only understanding common, concrete, 
key and special molecular mechanism of certain kind of 
tumor invasion, can we choose HDAC inhibitor for therapy 
specially. In this way, HDAC inhibitor may become another 
successful inducing differentiation agent for some kinds of 
tumor after all-trans retinoid acid treat acute premyelocytic 
leukemia. 
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