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A B S T R A C T

The balance of histone acetylation and deacetylation is an epigenetic layer with a critical

role in the regulation of gene expression. Histone acetylation induced by histone acetyl

transferases (HATs) is associated with gene transcription, while histone hypoacetylation

induced by histone deacetylase (HDAC) activity is associated with gene silencing. Altered

expression and mutations of genes that encode HDACs have been linked to tumor develop-

ment since they both induce the aberrant transcription of key genes regulating important

cellular functions such as cell proliferation, cell-cycle regulation and apoptosis. Thus,

HDACs are among the most promising therapeutic targets for cancer treatment, and they

have inspired researchers to study and develop HDAC inhibitors.

ª 2007 Federation of European Biochemical Societies.

Published by Elsevier B.V. All rights reserved.
1. Introduction

For a long time, cancer has been considered to be the result of

a wide variety of genetic and genomic alterations, such as am-

plifications, translocations, deletions, and point mutations.

These have as their dramatic end-point the activation of onco-

genes and the inactivation of tumor-suppressor genes. How-

ever, cancer development is not restricted to the genetic

changes described above, but may also involve epigenetic

changes. Epigenetics is concerned with the inheritance of in-

formation based on gene-expression levels, as opposed to

genetics, whose realm is that of information transmitted on

the basis of gene sequence. The main epigenetic modifications

in mammals, and particularly in humans, are DNA methyla-

tion and posttranslational histone modifications (acetylation,

methylation, phosphorylation, etc.).

Until now, DNA methylation, and in particular silencing of

tumor-suppressor genes by promoter hypermethylation, has

been the most widely studied epigenetic modification in
* Corresponding author. Tel.: þ34 91 2246940; Fax: þ34 91 2246923.
E-mail address: mesteller@cnio.es (M. Esteller).

1574-7891/$ – see front matter ª 2007 Federation of European Bioc
doi:10.1016/j.molonc.2007.01.001
human tumors (Esteller, 2002). However, in recent years there

has been a significant growth in our knowledge about the in-

volvement of aberrant patterns of histone modifications in

cancer development. In particular, acetylation of lysine resi-

dues of histone 3 and histone 4 has become one of the best

studied of this type of modifications. Acetylation levels are

the result of the balance of the activities of histone acetyl-

transferase (HAT) and histone deacetylase (HDAC). The levels

of histone acetylation play a crucial role in chromatin remod-

eling and in the regulation of gene transcription. The presence

of acetylated lysine in histone tails is associated with a more

relaxed chromatin state and gene-transcription activation,

while the deacetylation of lysine residues is associated with

a more condensed chromatin state and transcriptional gene

silencing ( Johnstone, 2002; Iizuka and Smith, 2003). Histone

deacetylation increases ionic interactions between the posi-

tively charged histones and negatively charged DNA, which

yields a more compact chromatin structure and represses

gene transcription by limiting the accessibility of the
hemical Societies. Published by Elsevier B.V. All rights reserved.
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transcription machinery. In addition, histone acetylation has

been associated with other genome functions such as chro-

matin assembly, DNA repair, and recombination (Polo and

Almouzni, 2005; Vidanes et al., 2005).

Furthermore, HDACs regulate gene expression in other

ways. For example, HDACs form corepressor complexes with

the nuclear receptor in the absence of a ligand. Other studies

indicate that HDACs can regulate the expression of a large

number of genes by direct interaction with transcription

factors such as E2f, Stat3, p53, the retinoblastoma protein,

NF-kB, TFIIE, etc. (Lin et al., 2006). Moreover, HDACs are

involved in the deacetylation not only of chromatin proteins,

which can lead to altered gene-transcription regulation, but

also of non-histone proteins, which regulate important func-

tions that, in turn, regulate cellular homeostasis (cell-cycle

progression, differentiation, and apoptosis) (Minucci and

Pelicci, 2006).

Eighteen mammalian histone deacetylase enzymes have

been identified so far, which can be subdivided into different

families according to their homology with yeast HDACs. Class

I, which is homologous to Rpd3 in yeast, includes HDACs 1, 2,

3, and 8, has a nuclear localization. It is ubiquitously

expressed in human cell lines and tissues. Class II is homolo-

gous to yeast Hda1 and can be subdivided into two subclasses:

IIa (HDAC 4, 7, and 9) and IIb (HDAC 6 and 10). Class II exhibits

tissue-specific expression and can shuttle between the nu-

cleus and cytoplasm, which suggests that this class of HDACs

may be involved in the acetylation of non-histone proteins.
The recently discovered HDAC11 is the only member of the

class 4 HDACs and is homologous with both class I and class

II. The class III HDACs, or sirtuins (SIRT1-7), includes a group

of proteins that are homologous with the yeast Sir2 family of

proteins. The subcellular distribution and pattern of tissue-

specific expression of this class are unknown. Class I and class

II HDACs are sensitive to the classical HDAC inhibitor trichos-

tatin A (TSA), whereas those of class III are insensitive to this

inhibitor and require the coenzyme NADþ as a cofactor.

2. Biological functions of histone deacetylases

Many HDACs exist as components of multiprotein complexes,

such as the transcriptional corepressors mSin3, N-CoR, and

SMRT (Glass and Rosenfeld, 2000). These are then targeted to

specific genomic regions by interactions with DNA binding

factors that include transcription factors, nuclear receptors,

and other epigenetic modifier genes, such as methyl-binding

proteins (MBDs), DNA methyl transferases (DNMTs) and

histone methyl transferases (HMTs) (Figure 1). The best-

characterized interaction is the recruitment of HDACs to

methylated DNA via methyl-binding proteins. The most thor-

oughly studied example of interaction between HDACs and

MBDs is that of MeCP2. This methyl-binding protein recruits

HDAC-containing complexes to methylated gene promoters

as a mechanism for gene-transcription repression ( Jones

et al., 1998; Nan et al., 1998). HDACs also interact with DNA
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Figure 1 – Different ways by which HDACs are recruited to gene promoters. An array of nucleosomes is shown. Histone octamers are represented

by circles and the DNA is shown in red. Histone deacetylation induced by recruitment of HDAC to gene promoters by different factors including,

DNA methyl transferases (DNMT), the methyl binding protein MeCP2, Estrogen receptor (ER) and transcription factors (E2F, Rb).
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methyl transferases. For example, in DNMT1 knockout cancer

cells there is an increase in the amount of acetylated forms of

histone H3 and a decrease in that of the methylated forms of

histone H3. These changes are associated with the loss of in-

teraction of HDACs and the heterochromatin protein HP1

with histone H3. These data strongly indicate that histone

hyperacetylation is not always the result of a loss of HDAC ac-

tivity, but that it could be due to a loss of HDAC targeted to

specific DNA sequences. One possible explanation is that

changes in DNA methylation also cause histone modification

due to direct interactions between the enzymes regulating dif-

ferent epigenetic modifications (Espada et al., 2004). HDAC2 is

also involved in the regulation of neuronal differentiation

through a direct interaction with the N-terminal domain of

DNMT3b. Treatment of the pheochromocytoma cell line

PC12 with HDAC inhibitors prevents the nerve growth

factor-induced differentiation of this cell line, while the over-

expression of the N-terminal domain of DNMT3b facilitates

differentiation (Bai et al., 2005).

As mentioned above, HDACs are key enzymes regulating

important cell processes such as cell-cycle progression and

apoptosis. Another way by which HDACs are recruited to

DNA independently of DNA methylation involves the interac-

tion with transcription factors and nuclear receptors. Focus-

ing on the interaction with transcription factors, HDAC1 and

HDAC2 are involved in transcriptional repression regulated

by the retinoblastoma protein Rb (Robertson et al., 2000). E2F

is a family of transcription factors involved in cell-cycle con-

trol. E2F-containing promoters are repressed by members of

the Rb family that are recruited by a physical interaction

with the E2F protein. One possibility is that the repression of

E2f-regulated promoters by Rb implies the recruitment of

HDACs to the E2F-containing promoters (Brehm et al., 1998;

Ferreira et al., 1998; Robertson et al., 2000). Treatment with

TSA, a classical HDAC inhibitor, prevents the Rb-mediated

repression of gene transcription (Siddiqui et al., 2003).

HDACs also participate in gene expression regulation

mediated by nuclear receptors. Estrogen receptors (ERs) be-

long to a large superfamily of nuclear receptors that modulate

the expression of genes regulating critical breast and ovary

functions. HDAC1 interacts with ER-a and suppresses its tran-

scriptional activity. The interaction of HDAC1 with ER-a is

mediated by the activation function-2 (AF-2) domain and

DNA-binding domain of ER-a, and this interaction is weak-

ened in the presence of estrogens (Kawai et al., 2003). Further-

more, another study indicates that the ER-gene transcription

is regulated by a multiprotein complex that includes HDACs,

DNMTs, and retinoblastoma protein Rb (Macaluso et al., 2003).

3. Role of HDACs in cancer

A typical characteristic of human cancer is the deregulation of

DNA methylation and posttranslational histone modifica-

tions, in particular histone acetylation, which has the fatal

consequence of gene transcription-deregulation. The data

from our studies of a panel of normal tissues, primary tumors,

and human cancer cell lines indicate that a loss of acetylated

Lys16 (K16-H4) and trimethylated Lys20 (K20-H4) of histone

H4 is a common event in human cancer (Fraga et al., 2005)
that is associated with the hypomethylation of repetitive

sequences. Moreover, these changes occur early in tumoro-

genesis, as shown by the data from a mouse model of multi-

stage skin cancer tumorogenesis, which indicates that the

global loss of monoacetylated and trimethylated forms of his-

tone H4 is a crucial event in cancer development (Fraga et al.,

2005). Another study of gastrointestinal tumors concluded

that the decrease in histone acetylation is not only involved

in tumorogenesis but also in tumor invasion and metastasis

(Yasui et al., 2003).

We are largely ignorant about all the mechanisms involved

in histone hypoacetylation. These changes can be explained

by a decrease in HAT activity due to the mutations or

chromosomal translocations characteristic of leukemias, or

to changes that result in the increased activity of HDACs.

Focusing on the role of HDACs in cancer, the available data

indicate that there is more than one mechanism by which

HDACs function in cancer development. To date, most studies

have focused on the role of the aberrant recruitment of HDACs

to specific promoters through the interaction with fusion pro-

teins that result from chromosomal translocations typical of

hematological malignancies. An archetypal example that

serves as a model for several other hematological malignan-

cies is acute promyelocytic leukemia (APL). A genetic charac-

teristic of this disease is the chromosomal translocation that

produces the fusion proteins containing RAR-PML and RAR-

PLZF. These fusion proteins bind to retinoic acid-responsive

elements (RAREs) and recruit the HDAC repressor complex

with a high affinity, preventing the binding of retinoic acid,

and repressing the expression of genes that regulate normal

differentiation and proliferation of myeloid cells (Lin et al.,

2001). Thus, in this case, HDACs are key elements in APL

development. A similar mechanism underlies the action of

the fusion protein AML1-ETO (Wang et al., 1998).

However, the changes in gene expression described above

are not related to specific alterations in HDAC expression.

Although there are no conclusive data about the pattern of

HDAC expression in human cancer, there are a number of

studies showing altered expression of individual HDACs in

tumor samples. For example, there is an increase in HDAC1

expression in gastric (Choi et al., 2001), prostate (Halkidou

et al., 2004), colon (Wilson et al., 2006), and breast (Zhang

et al., 2005) carcinomas. Overexpression of HDAC2 has been

found in cervical (Huang et al., 2005), and gastric (Song et al.,

2005) cancers, and in colorectal carcinoma with loss of APC

expression (Zhu et al., 2004). Other studies have reported

high levels of HDAC3 and HDAC6 expression in colon and

breast cancer specimens, respectively (Zhang et al., 2004;

Wilson et al., 2006).

The findings described above suggest that the trans-

criptional repression of tumor-suppressor genes by over-

expression and aberrant recruitment of HDACs to their

promoter region could be a common phenomenon in tumor

onset and progression. A typical example is the cyclin-

dependent kinase inhibitor p21WAF1, which inhibits cell-cycle

progression and whose expression is lost in many different

tumors. In some tumors, p21WAF1 is epigenetically inactivated

by hypoacetylation of the promoter, and treatment with

HDAC inhibitors leads to the inhibition of tumor-cell growth

and an increase in both the acetylation of the promoter and
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gene expression (Gui et al., 2004). The transcription factor

Snail recruits HDAC1, HDAC2, and the corepressor complex

mSin3A to the E-cadherin promoter to repress its expression

(Peinado et al., 2004). Downregulation or loss of function of

E-cadherin has been implicated in the acquisition of invasive

potential by carcinomas (Christofori and Semb, 1999; Hajra

and Fearon, 2002), and so the aberrant recruitment of HDACs

to this promoter may have a crucial role in tumor invasion

and metastasis.

The role of HDACs in cancer is not restricted to their contri-

bution to histone deacetylation, but also to their role in

deacetylation of non-histone proteins. For example, HDAC1

interacts with the tumor suppressor p53 and deacetylates it

in vivo and in vitro ( Juan et al., 2000; Luo et al., 2000). p53 is

phosphorylated and acetylated under stress conditions. Since

lysine residues acetylated in p53 overlap with those that are

ubiquitinated, p53 acetylation serves to promote protein sta-

bility and activation, inducing checkpoints in the cell-division

cycle, permanent cell-division arrest, and cell death.

The results from our laboratory are particularly interesting.

We have recently found a mutation of HDAC2 in sporadic

tumors with microsatellite instability and in tumors arising

in individuals with hereditary non-polyposis colorectal carci-

noma. This mutation leads to the loss of HDAC2 expression

and activity. Furthermore, the ectopic expression of HDAC2

in cancer cell lines harboring the truncated form of HDAC2

strongly indicates that this gene shares similar features to

those of tumor-suppressor genes, such as reduced colony for-

mation, and the inhibition of tumor growth in xenograft nude

mice (Ropero et al., 2006). Although we are largely ignorant of

the molecular mechanisms underlying the role of HDAC2 loss

in cancer development, we can speculate that the loss of

HDAC2 function could induce oncogene expression. In fact,

data exist suggesting that mutations or alterations that induce

loss of function of class I HDACs may contribute to cancer

development. The tumor-suppressor gene Rb requires the

recruitment of class I HDACs to repress gene transcription

(Frolov and Dyson, 2004) Thus, the loss of class I HDAC activity

could induce the expression of genes regulated by Rb, thereby

suppressing their protective role in tumor development

(Figure 2).

In the last years, the sirtuins or class III HDACs has re-

ceived much attention. These HDACs play important roles in

the regulation of gene expression, apoptosis, stress responses,

DNA repair, cell cycle, genomic stability, etc, indicating that

this group of HDACs are key regulators of normal cell growth

and proliferation. In particular, the most prominent family

member, SIRT1, regulates histone acetylation levels (mainly

K16-H4 and K9-H3 positions) (Vaquero et al., 2004; Pruitt

et al., 2006), and the acetylation of transcription factors such

as p53 (Vaziri et al., 2001), p300 histone acethyltransferase

(Bouras et al., 2005), E2F1 (Wang et al., 2006), the DNA repair

ku70 (Cohen et al., 2004), NF-KB (Yeung et al., 2004), and the

androgen receptor (Fu et al., 2006). Considering these together,

it is clear that the deregulation of sirtuins has relevance in

cancer development. There are several reports showing either

up- or downregulation of SIRTs genes in cancer. For instance,

SIRT1 is upregualted in human lung cancer (Yeung et al.,

2004), prostate cancer (Kuzmichev et al., 2005) and leukemia

(Bradbury et al., 2005) and has been found downregulated in
colon tumors (Ozdag et al., 2006). Furthermore, the acetylation

levels of K16-H4 and K9-H3, the histone substrates of SIRT1,

have been found altered in different tumor types. As we men-

tioned above, the data from our studies showed the loss of

monoacetylated K16-H4 is a common event of human cancer

and that this alteration is an early event in cancer develop-

ment (Fraga et al., 2005) Treatment with SIRT1 inhibitors in-

duces the reexpression of tumor suppressor genes together

with an increase in the acetylation levels of K16-H4 and

K9-H3 in breast and colon cancer cell lines (Pruitt et al., 2006).

K16-H4 is also the substrate of SIRT2, but the alteration of

this HDAC in cancer it is not clear because SIRT2 is frequently

downregulated in human gliomas (Hiratsuka et al., 2003).

The upregulation of SIRT1 expression in human cancer

can also induce the deregulation of key proteins regulating

important cellular functions. For example, the increase of

SIRT1 expression in cancer cells produces the deacetylation

and inactivation of p53, and inhibiting the tumor suppressor
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Figure 2 – A model showing a possible effect of HDAC2 mutation

in cancer development. class I HDACs are involved in gene

transcription-repression mediated by retinoblastoma protein. The lost

of HDAC2 function could induce the hyperacetylation and

reexpression of genes regulated by retinoblastoma protein Rb, and

with crucial functions in cell cycle regulation.
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functions of this protein (Chen et al., 2005). Ku70 is other

stress response-related protein regulated by SIRT1. SIRT1

inhibits stress induced cell death through deacetylation of

the DNA repair factor Ku70, allowing the long-term survival

of irreparable cancer cells (Cohen et al., 2004). The interaction

of SIRT1 with the transcription factor E2F1 decreases its tran-

scriptional activity and apoptotic functions (Wang et al., 2006).

Taken together all these data indicate that SIRT1 might be

involved in tumorogenesis.

4. Therapeutic implications

The range of proteins and processes regulated by HDACs

described above demonstrates that these proteins are key

elements in the regulation of gene expression, differentiation

and development, and the maintenance of cellular homeo-

stasis. Thus, altered expression of HDACs could play an active

role in tumor onset and progression, and make them attrac-

tive candidate targets for anticancer drugs and therapies. To

date, a wide range of natural and synthetic compounds have

been identified that are able to inhibit the activity of class I,

II, and IV HDACs. Given their chemical nature and mechanism

of inhibition, the HDAC inhibitors can be classified as

hydroxamic acids, carboxylic acids, benzamides, epoxides,

and cyclic peptides (Villar-Garea and Esteller, 2004). All these

compounds inhibit many of the known mammalian HDACs,

although a few exceptions are known. For example, MS-275

is more active against HDAC1 than against HDAC3 (Hu et al.,

2003). Depsipeptide is more strongly active against HDAC1

and HDAC2 than against HDAC4 and HDAC6 (Furumai et al.,

2002). The knowledge of the specificity of different HDAC

inhibitors against specific HDACs should be very useful in

clinical management, but first we have to define the role of

different HDACs in cancer. For example, we know that the

loss of function of HDAC2 in colon cancer cells with microsa-

tellite instability induces resistance of these cell lines to treat-

ment with the archetypal HDAC inhibitor TSA (Ropero et al.,

2006). Since this mutation is present in about 20% of primary

tumors with microsatellite instability, this finding may be of

significance for the pharmacogenetic selection of patients

treated with HDAC inhibitors.

As we have mentioned above, the acetylation state of

histones H3 and H4 is associated with active chromatin and

gene expression, so we would expect the treatment with

HDAC inhibitors to induce a general increase in the gene-

expression profile. However, the available data indicate that

HDAC inhibitors cause transcriptional changes of a limited

set of genes (Gray et al., 2004; Marks et al., 2004), and that

the number of upregulated and downregulated genes is very

similar, indicating that chromatin structure and transcription

are closely regulated by several mechanisms that involve

other histone modifications, DNA methylation, and the bind-

ing of a multiprotein complex. Many of the genes affected

by HDAC inhibitors are key regulators of crucial biological

processes in tumor progression. For example, treatment

with HDAC inhibitors induces the expression of the cyclin-

dependent inhibitor p21WAF1. In addition, HDAC inhibitors

exhibit antiangiogenic activities by downregulating proangio-

genic genes, such as vascular endothelial growth factor
(VEGF), basic fibroblast growth factor (bFGF), and hypoxia-

inducible factor 1-a (Sasakawa et al., 2003; Qian et al., 2006).

As discussed above, histone acetylation is involved in

nuclear functions other than gene transcription, including

DNA repair and replication. Another effect of HDAC inhibitors

is the inhibition of DNA repair, so they can also sensitize

cancer cells to chemotherapy and radiotherapy by increasing

the effects on DNA damage induced by these treatments

(Kim et al., 2003; Munshi et al., 2005).

The knowledge of the implications of sirtuins in cancer has

inspired to develop and study sirtuins inhibitors. In addition

of nicotinamide, that was the first sirtuin inhibitor identified,

in the last years a growing number of sirtuins inhitors have

been identified, including sirtinol, cambinol, dihydrocou-

marin and indoles. All these compounds have a common

activity: inhibition of cell proliferation by inducing a increase

in the acetylated levels of K16-H4 and the reexpression of

silenced tumor suppressor genes in cancer (Pruitt et al.,

2006). The eventual translation of these compounds into the

clinic may represent a new direction in cancer treatment.

Taken together, the results and the mechanism described

indicate that HDACs are excellent targets for cancer treat-

ment. The efficacy of HDAC inhibitors such as TSA, SAHA,

and MS-275 as anticancer agents has been demonstrated in

a wide range of hematological and solid tumor cell lines, and

in experimental animal models. These inhibitors showed

potent antitumoral activity with no apparent toxicity in an

animal model (Saito et al., 1999). Once the preclinical studies

have given satisfactory results, the next step has been to

test their efficacy in clinical trials. Currently, phase I-II clinical

trials are evaluating the efficacy of several HDAC inhibitors for

the treatment of hematological and solid tumors as mono-

therapy, or in combination with other therapeutic agents

(Kelly and Marks, 2005; Lin et al., 2006); and SAHA has already

reached the bedside of cancer patients with its approval by the

U.S. Food and Drug Administration for the treatment of cuta-

neous T-cell lymphoma, a form of non-Hodgkin’s lymphoma.
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