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Abstract
Genetic information is packaged in the highly dynamic nucleoprotein structure called chromatin. Many biological
processes are regulated via post-translational modifications of key proteins. Acetylation of lysine residues
at the N-terminal histone tails is one of the most studied covalent modifications influencing gene regulation in
eukaryotic cells.
This review focuses on the role of enzymes involved in controlling both histone and non-histone proteins acetylation
levels in the cell, with particular emphasis on their effects on cancer.
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INTRODUCTION
Eukaryotic chromosomes are highly organized.

Chromatin consists of DNA, histones and a plethora

of different protein complexes that assist the

dynamic changes occurring during DNA replication,

cell-cycle progression, regulated-transcriptional

and post-transcriptional events, DNA repair and

recombination.

Histone proteins play structural and functional

roles in all nuclear processes. Nucleosomes are the

basic structural units of chromatin and are evolution-

arily conserved in all eukaryotes. The nucleosome

core particles consist of two copies each of H2A,

H2B, H3 and H4 histones, around which 146 base

pairs of DNA are wrapped. The H1 linker histone

stabilizes the assembly of the octameric core into

chromatin-specific higher-order structures [1]. In

addition to nucleosomes, the chromatin fiber con-

tains a large variety of additional accessory proteins

and numerous histone variants that are not randomly

distributed in chromatin but are expressed in

developmentally restricted and cell type specific

patterns [2]. The yeast and mammalian centromeres

contain a variant of histone H3, Cse4/CENP-A, that

was found to be essential for centromere assembly

and function [3–4]. Likewise, H2A.Z, a variant of

histone H2A, is shown to be required for one or

more essential roles in chromatin structure that

cannot be replaced by bona fide histone H2A [5].

Studies in Drosophila and budding yeast showed that

H2A.Z is widely and uniformly distributed along

chromosomes [6]. In yeast, H2A.Z is required for

both transcriptional repression and activation, and is

also relevant in the regulation of progression through

the cell cycle [7–9]. The variant histone H2A.Z

is uniformly localized on the promoters of inactive

yeast genes and regulates nucleosome positioning

[10–13]. In most cases, how histone variants alter

nucleosome structure or change the folding proper-

ties of nucleosomal arrays remain poorly defined.

The amino-terminal portion of the core histones

contains a flexible and highly basic tail region, the

target of several types of post-translational modifica-

tions. Histone modifications, including lysine
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acetylation and methylation, serine phosphorylation

and arginine methylation, play major regulatory roles

in many genetic events such as transcriptional

activation and elongation, silencing and epigenetic

cellular memory [14–16]. Such modifications, singly

or in combination, provide a source of information

that can be used for signal transduction during

ongoing processes or as epigenetic marks.

All the changes in chromatin that do not involve

a change in DNA sequence are defined as epigenetics.

Beyond the genetic code itself, chromatin

function and gene expression are under epigenetic

histone-code control. Histone modifications can

be considered as letters of the histone alphabet.

Different combinations of modifications formulate

different words endowed with different biological

meanings [17].

A possible link between chromatin modifications

and genetic regulation was identified in early

studies [18]. Evidence was reported that altered

levels of histone acetylation and methylation are

associated with changes of transcription rates [19].

What appears to be safely established is that the

various histone modifications have distinct functional

effects and are mediated and recognized by con-

served transcriptional regulatory protein modules [20].

What is less clear is how the amino-terminal histone

tail modifications and the activity of the conserved

transcriptional regulatory modules are coordinated.

Thus, interest focused on the mechanisms by which

histone modifications exert their effects.

Among these modifications, acetylation is the

one so far more thoroughly analysed [21]. The

histones amino termini lysines undergo acetylation-

deacetylation switches depending on the different

physiological conditions [22]. The balance between

these modifications is achieved through the action of

enzymes dubbed histone acetyltransferases (HATs) and

histone deacetyltransferases (HDACs). These speci-

fic enzymes catalyse the transfer of an acetyl group

from acetyl-CoA molecules to the lysine "-amino

groups on the N-terminal tails of histones [23].

Acetylation of lysines neutralizes the charge

on histones, therefore, increasing chromatin

accessibility. On the other hand, acetylation, like

the remaining covalent modifications, is also impor-

tant as a signal for the binding of trans-acting factors.

Numerous activating factors possess a region dubbed

bromodomain specifically interacting with acetylated

lysines [24–27]. Following the discovery of histone

acetylation [19], numerous studies have shown that

this type of modification occurs throughout the

whole eukaryotic genome [28–31]. These studies

provided important support to the argument that

both mechanisms, charge neutralization and recruit-

ment of transacting factors, are likely to be important

[32]. The interplay between different patterns of

modifications was reviewed [33, 34].

HISTONE ACETYLTRANSFERASES
Two main superfamilies of HATs have been

well characterized: the GNAT (Gcn5-related

N-AcetylTtransferase) and the MYST (MOZ,

Ybf2-Sas3, Sas2 and Tip60) families.

Homologues of Gcn5 have been found in

different organisms such as human [35], mouse

[36], Saccharomyces cerevisiae [37, 38], Drosophila
melanogaster [39], Arabidopsis thaliana and Toxoplasma
gondii [40]. In mammals, two related Gcn5 acetyl-

transferase subclasses were described: GCN5 and

p300/CREB-binding protein-associated factor

(PCAF). In vitro and in vivo studies were performed

to investigate the human GCN5 function, which

was found to be involved in the acetylation of

histone H3 and, to a lesser extent, of histone H4,

acting as a transcriptional adaptor [35]. PCAF acts as

a HAT and as a co-activator in several processes:

myogenesis [41], nuclear-receptor-mediated activa-

tion [42, 43], and growth-factor-signalled activation

[44]. PCAF is also able to acetylate transcription-

related non-histone proteins like TFIIE, TFIIF,

MyoD, p53, HIV tat, HMGN2 and HMGA1.

p300/CBP is yet another family of HATs.

Recombinant p300 and CBP acetylate the amino-

terminal tails of all four histones [45, 46]. Like PCAF,

p300/CBP is known to acetylate and regulate

transcription-related proteins other than histones

[47]. They are considered as global transcription

co-activators playing critical roles in different cellular

processes: cell-cycle, differentiation, apoptosis [48].

Other acetyltransferases, whose function is con-

served from yeast to human are: Hat1, Hat2 (histone

acetyltransferases B) and Elp3. Yeast Hat1 and Hat2,

acting on free non-nucleosomal histones, are poten-

tially involved in the chromatin assembly process,

perhaps at the replication forks or at silenced telo-

meres [49, 50]. Hat1 was recently shown to be also

involved in DNA double-strand break (DSB) repair,

being directly recruited to sites of DNA damage [51].

Elp3 is able to acetylate all four histones and, even

though its gene is not essential, the importance
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of its activity is shown by the fact that this protein is

evolutionarily conserved in numerous eukaryotes

[52]. Its function seems to be redundant with that

of Gcn5, at least in S. cerevisiae [53]. Elp3 is also

involved in transcriptional elongation as part of the

RNA polymerase II holoenzyme [54].

The MYST family contains a large number

of members: yeast Esa1, Drosophila MOF, human

MOZ, Ybf2/Sas3, Sas2, Tip60, HBO1 and

MORF [55].

MOZ is a monocytic leukaemia zinc finger

protein involved in the oncogenic transformation

leading to leukaemia. In the case of myeloid

leukaemia, MOZ is found fused with CBP [55]. In

most cases of leukaemia, MOZ is fused to different

transcription-related factors [56–58] presumably

leading to perturbed acetyltransferase function.

Tip60 is involved in the regulation of gene

transcription, although it functions as co-activator or

co-repressor in a context-dependent way [59, 60].

Tip60 has several putative functional domains:

a chromatin organization modifier domain

(chromodomain), a zinc finger-like domain and a

HAT domain. It was shown that the HAT domain

acetylates nucleosomal histones during DNA repair

although it is not clear whether its acetylation

activity is required during transcription [61].

MOnocytic leukaemia zinc finger protein-

Related Factor (MORF), another member of the

MYST family, is able to acetylate both free histones,

particularly H3 and H4, and nucleosomal histones

with a preference for H4. MORF was found to

be rearranged in some types of acute myeloid

leukaemia [62].

HBO1-associated Hat activity seems to play a

direct role in the DNA replication process [63];

in fact, HBO1 is one of the proteins interacting with

the human origin recognition complex (ORC) [64].

The yeast Gcn5 is the best studied HAT.

Originally identified as a transcriptional adaptor or

co-activator [37, 65], microarray analyses showed

that numerous genes require Gcn5 for their appro-

priate expression [66]. This HAT primarily acetylates

histones H3 and H2B [67, 68]. Gcn5 is the catalytic

subunit of large complexes such as SAGA and ADA

[69]. The first one contains Ada1–5, Spt3, Spt7, Spt8

and several TBP-associating factors (TAFs) and

Tra1 [70]. Among the factors identified as unique

components of these complexes, Ahc1 is found only

in the ADA complex [71]. Some transcriptional

adaptor proteins, like Ada2 and Ada3, are common

to both complexes [69, 72]. The HAT complexes

could participate in the transcription process as

co-activators being specifically recruited by activators

to the promoter [73]. In addition to its targeted

co-activator function, Gcn5 could also acetylate

histones genome-wide [28, 74]. Global Gcn5 HAT

activity has a role in modulating transcription

independently of its known co-activator func-

tion [75]. Global acetylation affects the activation

process by facilitating the pre-initiation-complex

(PIC) formation, either by increasing the affinity of

one or more general transcription factors for the core

promoter or by creating a more accessible chromatin

environment [75]. The fact that global acetylation

can regulate gene expression explains why at many

promoters, transcription activation is not associated

with increased histone acetylation [76].

Esa1 protein, like Gcn5, is a HAT A enzyme,

involved in transcriptional regulation. Esa1 is a

catalytic subunit of the nucleosome acetyltransferase

of histone H4 (NuA4) complex [69, 77]. Besides

its activity on H2A [68, 77], Esa1 is responsible for

the vast majority of genome-wide H4 acetylation

in vivo [78].
Gcn5 and Esa1 are the major HATs, substantially

contributing to the regulation of genome-wide gene

expression, whereas Hat1, Elp3, Hpa2 and Sas3

do not affect global acetylation levels [79].

Transcription factor IID (TFIID) also plays

a central role in regulating the expression of most

eukaryotic genes. TAF1 is the largest subunit of

the TFIID complex: it was first identified as HAT

through invitro acetyltransferase assays and was shown
to possess substrate specificity similar to that of Gcn5

[80]. The HAT activity of TAF1 has histone residues

specificity similar to Gcn5 [81], although recent data

show that the two proteins are not functionally

equivalent [79]. TAF1 HAT activity in yeast is

weaker compared with that of other HATs, while

in higher eukaryotes its physiological role is more

important [82]. The histone H4 tails are also the

target of Bdf1 (Bromodomain factor 1), another

component of TFIID [83]. A recent model suggests

that H4 acetylation at promoters is more linked to

Bdf1 than to TAF1, suggesting that the promoter

regions that are acetylated at H4 and occupied

by Bdf1 are not necessarily committed to TFIID

recruitment [79].

Most HATs exist as multisubunit complexes

invivo, as reviewed [84]. The complexes are typically

more active than their respective catalytic subunits,
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the specificity of action being ensured by their

non-catalytic subunits [60].

HISTONEDEACETYLASES
Yeast cells contain a group of related HDACs that

include Rpd3, Hda1, Hos1, Hos2 and Hos3 [85].

In higher eukaryotes, two families of HDAC can

be generally identified and the histone deacetylases

HDACs and the sirtuins.

The HDAC enzymes have a highly conserved

domain, approximately 390 aminoacids, and can be

divided into two classes, I and II, based on their

homology to yeast HDACs. It was observed that

these enzymes diverged early in evolution and were

conserved in a large variety of eukaryotes [86].

Mechanistically, they behave similarly and require an

active zinc to mediate deacetylation catalysis [87].

HDAC1, 2, 3 and 8 belonging to class I are similar to

Rpd3 and are localized in the nucleus. The human

enzymes are ubiquitously expressed in many cell

lines and tissues. The class II has homology with

yeast Hda1. According to sequence homology and

domain organization, this class is further divided

into class IIa, encompassing HDAC4, 5, 6, 7 and 9,

and IIb to which HDAC6 and 10 belong [88]. These

latter proteins are unique since they harbour two

catalytic domains. Class II HDACs shuttle between

nucleus and cytoplasm upon certain cellular signals

and are expressed in a limited number of human

tissues.

Sirtuins, generally indicated as class III HDACs,

are both structurally and mechanistically very

different from the other classes. They are homol-

ogous to the yeast Sir2/Hst family and, accordingly,

their primary substrates do not seem to be the

histone proteins [89, 90]. As for the mechanism

regulating their activity, these enzymes have an

absolute requirement for cofactor NADþ [91].

Since the HDACs are not able to bind directly to

DNA, the classes I and II are mainly associated with

stable multiprotein complexes such as Sin3, NuRD

and CoREST. Sin3 and NuRD complexes are

made of several associated proteins (SAP18–SAP30

and MTA2, respectively), a ‘core complex’ consisting

HDAC1/2 and the histone binding protein

RbAp46/48. The CoREST complex contains,

instead of RbAp46/48, a protein homologous to

MTA1- and MTA2-dubbed CoREST which is

characterized by the SANT domain, critical for

protein–protein interaction [86].

ROLEOF HISTONE ACETYLATION
The acetylation state of different promoters is

maintained by specific combinations of HATs and

HDACs; analyses performed over large chromoso-

mal domains indicate that the state of acetylation is

in a continuous genome-wide flux [92, 93].

In terms of charge neutralization, histone acetyla-

tion and deacetylation regulate transcription by

manipulating the higher-order folding properties of

the chromatin fiber. Acetylation of lysine residues

might not merely alter chromatin structure but

might also provide unique binding surfaces

for repressors and activators of transcription [21].

Yeast and multicellular eukaryotes utilize similar

molecular mechanisms to connect histone acetyla-

tion and transcriptional regulation but they show

a different ratio between permissive and restrictive

chromatin [76].

Histone acetylation has been extensively analysed

looking for a possible definition of its role in gene

expression. One of the best characterized genes in

terms of histone acetylation and promoter accessi-

bility is S. cerevisiaeADH2. This gene, coding for the

enzyme alcohol dehydrogenase II, is tightly regulated

by glucose and becomes active when the glucose

concentration of the medium is lowered or in the

presence of non-fermentable carbon sources [94].

It was shown that, in the absence of Rpd3 and

Hda1 histone deacetylases, the structure of the

TATA box-containing nucleosome is destabilized.

This acetylation-dependent chromatin remodelling

is not sufficient to allow the binding of the TATA

box-binding protein, but facilitates the recruitment

of both the transcriptional activator Adr1 and faster

kinetics of ADH2 mRNA accumulation [95]. On

the contrary, in the absence of Gcn5, chromatin

remodelling and mRNA accumulation occurring

after derepression are less efficient. In the presence of

an Esa1 temperature-sensitive mutation, the mRNA

amount is lower even in permissive conditions.

This study provided the first in vivo evidence for

the involvement of deacetylation/acetylation in

modulating the accessibility of chromatin. The

requirement of Gcn5 and Esa1 acetyltransferases in

transcriptional activation was recently described for

a set of glucose-repressed Adr1-dependent genes in

S. cerevisiae [96]. This group of co-regulated genes

offers the opportunity to deeply investigate the

mechanisms by which acetylation exerts its role

in transcription. Up to now, it is not completely

clear if the contribution of histone acetylation
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to transcription is based on the charge effects, or if it

is due to the fact that the acetyl groups (as well as

other epigenetic modifications) create signals for the

binding of proteins involved in chromatin remodel-

ling and/or transcription initiation. Even if both

mechanisms were actually relevant, it would be

important to know whether the acetylation of

the H3 and H4N-terminal tails have redundant

functions in chromatin remodelling and gene

activation. In derepressing conditions, for the group

of Adr1-dependent co-regulated genes, H4 acetyla-

tion is kept constant while the level of acetylation

on H3 increases in an Adr1- and Gcn5-dependent

manner. Surprisingly, in the absence of Gcn5

activity, there was no change in H3 acetylation

levels but an increase in H4 levels was observed,

suggesting that H3 and H4 play different roles

(Figure 1), and is not simply explained by charge

neutralization (Agricola et al., unpublished

observations).

CANCER AS EPIGENETIC DISEASE
Cancer is considered as an ensemble of diseases in

part arising from chromosomal abnormalities and

mutations in tumour-suppressor genes and onco-

genes. Molecular and cellular mechanisms in malig-

nant cell transformation increasingly indicate that

cancer is also, in part, an epigenetic disease. The loss

of DNA methylation at CpG dinucleotides in cancer

cells was reported [97], and since this observation,

the relations between cancer and DNA methylation

were thoroughly studied [98–101].

Epigenetics not only consists of DNA methyla-

tion, but also includes the other modifications of

histones with a role in gene expression. Among

histone modifications, methylation and deacetylation

are the epigenetic processes more mechanistically

linked to pathogenesis [102]. Recent evidence

indicates that their deregulation and mis-targeting

contributes to the development of malignancies.

Unfortunately, our knowledge of the behaviour of

histone modifications in cancer cells is limited, at

least when compared with that of DNA methylation.

It was shown that both acetylation and methylation

participate in tumour-suppressor genes silencing

[103, 104].

A deeper understanding of the epigenetic states

in cancer cells is prompting investigators to integrate

the different analyses aiming to identify the genetic

determinants of epigenetic states [91, 105].

Recently, novel studies on post-translational

modifications of histones were reported characteriz-

ing the kind of modification occurring in normal

tissues, cancer cell lines and in primary tumours.

The final goal of this approach is the identification

of common hallmarks of human tumour cells in

order to define unambiguous tools for cancer

diagnostics and efficient drug therapies [106, 107].

Histone modification patterns are obviously not

identical among different types of cancers and even

subsequent stages of cancer display differently

modified histone tails. Thus, classifying tumour

types into specific epigenetic patterns could help in

distinguishing them [108].

The next and important task in tumour science

is to understand how histone modifying complexes

are involved in epigenetic modifications and how

chromatin remodelling complexes are affected

[109, 110].

HISTONE ACETYLATIONAND
CANCER
Epigenetics-based mechanisms leading to carcino-

genesis can be divided into three different categories:

the first is the repression of normally active genes; the

second is the activation of normally repressed genes;

the last is the replacement of core histones by

specifically modified histone variants [111].

In the first two categories, abnormal activity of

HATs and HDACs is involved, which seems to be

either due to mutations of genes encoding for these

enzymes or due to their binding and recruiting

patterns. It was observed in tumours that a significant

imbalance of acetylation and deacetylation levels

takes place. Interestingly, the results are cell cycle

arrest, re-differentiation or apoptosis [112].

Histone acetylation plays many fundamental roles

in cellular processes, one of them being crucial to cell

proliferation. It is not surprising that mutations or

chromosomal modifications involving HATs result

in the development of malignancies [91].

A characteristic feature of human leukaemia is

the presence of chromosomal translocations leading

to the expression of fusion proteins, whose effects

can be dual. Several translocations can inactivate the

wild-type function of HATs causing the silencing

of genes regulated by these enzymes. On the other

hand, fusion proteins can derive from a HAT and

a DNA-binding protein which can activate genes

usually not expressed. This is the case of the acute
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myeloid leukaemia (AML) in which a fusion between

CBP and alternatively MOZ or mixed lineage

leukaemia (MLL) has occurred [113–115]. The

resulting protein also acquires a new function since

it can add acetyl groups to different substrates.

In a recent comparative analysis of normal cells,

primary tumours and cancer cell lines, an altered

recruitment of the acetyltransferases MOZ, MOF

and MORF was found in cancer cell lines and this

correlates with a global loss of the otherwise

normally acetylated H4-K16. This last feature was

shown to be a common hallmark of human cancer

and is usually accompanied by trimethylation at

H4-K20 [106].

In addition, mutations of certain HATs also cause

cancer, as observed in mice [116, 117] and in several

cases of human leukaemia [118]. A biallelic mutation

of the p300 locus was identified in human epithelial

cancer [119].

Another important disease in which HATs are not

normal is the congenital Rubistein–Taybi syndrome

where monoallelic mutations of both p300 and CBP

increase susceptibility to cancer [121–123].

Cancer may also develop if certain viral proteins

inhibit the HAT activity. Oncogenic viral proteins

can actually bind p300, CBP and PCAF, thus

inhibiting their activity or blocking the interaction

between co-activators and DNA-binding proteins or

basal transcription factors [124]. The adenovirus E1A

protein is responsible for malignant cellular transfor-

mation when acetylated by CBP/p300 and PCAF,

since it loses its association with transcription

repressor complexes thus promoting aberrant gene

activation [125].

HATs can also acetylate non-histone proteins

such as p53, p21 and myc, each of them implicated

in cancer development when altered [126, 127].

HISTONEDEACETYLATIONAND
CANCER
Specific alterations in genes coding for HDACs have

not been reported. These complexes apparently act

in cancer development with more than one single

mechanism. On one hand, abnormal hyper-

acetylation of histones results in transcriptional

activation of tumour-suppressor genes whereas, on

the other hand, HDACs substrates are also non-

histone proteins involved in important physiological

processes [128, 129].

Basal acetylation levels under repressing
conditions

In the WT strain gene activation is
driven by increased H3 acetylation. The
other histones tails maintain their basal
acetylation levels

In the acetylation deficient strains (i.e.,
gcn5) gene activation is determined by a
compensatory increase of H4 acetylation   

Adr1

NuA4

Pol II

H3

H4

H2AH2B
H4

H3

Adr1

SAGA

H3

H2AH2B
H4

NuA4

Pol II

Derepression

H3 H2A
H2B

H4

Figure 1: Model describing different roles for H3 and H4 histones in transcription activation.
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The most informative evidence on HDACs role

in cancer comes from studies on leukaemia. Acute

promyelocytic leukaemia (APL) is caused by fusion

of retinoic acid receptor-a (RARa) with promye-

locytic leukaemia (PML) and promyelocytic leukae-

mia zinc finger (PLZF). These aberrant proteins bind

to retinoic-acid response elements (RAREs) and

recruit HDACs. This binding has high affinity and

prevents the response to physiological concentrations

of retinoids which induce the normal differentiation

and development of myeloid cells [102, 130–133].

Another type of leukaemia is also due to the

activity of histone deacetylases resulting in silencing

of AML1, a gene that in normal cells acts as both

transcriptional activator and repressor and is required

for the differentiation of haematopoietic cells.

Its correct function requires the binding to defined

co-repressors and HATs, but an oncogenic translo-

cation may cause a fusion between AML1 and ETO,

a nuclear phosphoprotein. AML1-ETO strongly

interacts with HDACs preventing transcription of

AML1 target genes and leading to leukaemic

transformation [111, 134–136].

Overexpression of HDAC-associated factors has

been so far observed in solid tumours. Metastasis

tumour antigen (MTA1) is associated with HDACs

in the Mi-2/NuRD complex [137] and its expres-

sion correlates well with metastatic progression in

oesophageal squamous cell carcinoma and in breast

cancers [138–140]. The mechanistic consequences

are not well established, but hyperexpression of

MTA1 seems to correlate with lower levels of

acetylated histone H4 [138]. In addition, it was

recently shown that the transcriptional activity

and stability of HIF1-a protein, a key regulator

of angiogenesis factors, are enhanced because

MTA1, when overexpressed, recruits HDAC1 thus

deacetylating the protein [140].

A functional interaction between the HDAC2

complex, c-Myc and Wnt pathway was also

reported. Colon cancer is frequently associated

with a loss of the tumour-suppressor Adenomatosis

Polyposis Coli (APC) whose effect is an increase of

HDAC2 expression through a Myc- and Wnt-

dependent mechanism. This results in the protection

of cancer cells against apoptosis [141].

As for non-histone proteins, one of the most

important is the tumour-suppressor, p53. Acetylation

regulates its stability as oncosuppressor, its interaction

with DNA and, eventually, its transcriptional activity

[142]. In many cancers p53 is not functional and its

HDACs-caused deacetylation has been linked with

tumorigenesis [143].

HISTONE ACETYLASESAND
HISTONEDEACETYLASES
INHIBITORS
The better understanding of epigenetics in tumor-

igenesis has allowed development of epigenetic

drugs, currently being tested in clinical trials. The

first drugs tested were DNA-demethylating agents,

but the possibility of their use is controversial [108].

Other epigenetic drugs are HAT inhibitors (HATi)

and HDAC inhibitors (HDACi) [144].

HDAC inhibitors were developed more than

HAT inhibitors because of the greater relevance of

histone deacetylases in cancer. The observation that

the loss of lysine acetylation occurs prior to the

histone methylation in gene silencing has further

encouraged this approach [145]. Several inhibitors

with different chemical features have been reported

to be efficient both in vitro and in vivo in arresting

cancer cell growth and/or apoptosis, with little

toxicity. An important attribute of HDACi is that

they induce cancer cell death at concentrations to

which normal cells are relatively resistant [146].

These compounds can be classified into four

categories according to their chemical properties:

hydroxamic acids such as trichostatin A (TSA) and

suberoylanilide hydroxamic acid (SAHA), carboxyl

acids such as butyrate and sodium valproate,

benzamides and aliphatic acids [110].

Generally, HDACi have minimal toxicity and

a wider therapeutic range, but the mechanism

by which they act has not been determined. They

could either activate tumour-suppressor genes

or repress oncogenes through histone lysine mod-

ification. Alternatively, it has been proposed

that these compounds could modify non-histone

proteins [102].

Several effects of HDACi were described on

many different cellular processes that are deregulated

in neoplastic cells. CDK-N1A is one of the genes

whose expression is modified by HDAC inhibitors in

cancer cells. It encodes for p21waf, a cell-cycle kinase

inhibitor responsible for the cell-cycle arrest in G1

and G2 phases and subsequent cell differentiation.

The p21waf promoter is bound by a large protein

complex that contains, among the others, two

histone acetylases Gcn5 and p300; it was shown

that SAHA decreases HDAC1 activity and recruits
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RNA polymerase II causing transcriptional activation

of the gene [147, 148].

p53, Ku70 and Hsp90 are among the non-histone

proteins involved in cancer which are modified by

the HDACi. In prostate cancer cells, these chemical

compounds do stabilize the p53 acetylation which

induces cell arrest by decreasing Mdm2-mediated

ubiquitination and subsequent proteasome degrada-

tion [149, 150].

Treatment of neuroblastoma cells with TSA

induces acetylation of Ku70 which dissociates from

Bax, a protein that activates the caspase-dependent

apoptosis in mitochondria [151].

Hsp90 is a chaperone required for protein

degradation including oncoproteins. Thus, its

HDACi-induced hyperacetylation leads to the

inactivation of the proteins which are responsible

for malignancies [152].

Exposure of primary AML cells to therapeutic

doses of valproic acid (VPA) unexpectedly increased

not only acetylation of lysines, but also di- and tri-

methylation of H3-K4. This pattern of histone

modifications associates with increasing transcription

at the loci which are impaired in AML leukaemia

and this treatment is also modulating the expression

of the deacetylases themselves. The results of this

study are of relevance to the development of

HDACi-based therapeutic strategies [153]. The

effects of few HDAC inhibitors, such as butyrate

derivates, valproic acid and depsipeptide, were also

investigated in AML clinical studies with satisfactory

results, showing their ability to mediate antileukae-

mic effects in AML. The potential anticancer activity

of HDAC inhibitors was tested in several other

clinical trials [154–157].

Combination of HDACi with other epigenetic

drugs, such as DNA-demethylating agents, has

afforded promising results in vitro [158].
HATs inhibitors are less studied. The most

important is a natural inhibitor, curcumin

(diferuloymethane), a major curcuminoid derived

from the plant Curcuma longa. It specifically inhibits

the p300/CREB-binding protein through the

involvement of Reactive Oxygen Species (ROS)

[112]. Recently, curcumin was shown to repress

both HAT-dependent transcription and the

acetylation of non-histone proteins [159]. It also

suppresses cellular transformation, proliferation, and

metastasis by inhibition of IKK (IKappaB Kinase

complex) and activation of Akt leading to the

subsequent inactivation of NF-kB [160].

PERSPECTIVES
Technologies designed to examine epigenetic

phenomena at the genomic level have shown

remarkable progress over the last few years. The

possibility to obtain a global view of epigenetic

marks in different cell types will advance our

understanding of the epigenetic code and its function

in normal and disease states as well as the role of the

environment in human health. This represents the

principal aims of the ‘Human Epigenome Project’

(HEP), as suggested by the AACR (American

Association for Cancer) [161].

Acknowledgements
This work was supported by grants from CNR ‘Genomica

Funzionale’, Centre of Excellence BEMM La Sapienza and

Ministero dell’Ambiente e della Tutela del Territorio.

References
1. Luger K, Mader AW, Richmond RK, etal. Crystal structure

of the nucleosome core particle at 2.8 A resolution. Nature
1997;389:251–60.

2. Parseghian MH, Newcomb RL, Winokur ST, et al. The
distribution of somatic H1 subtypes is non-random on
active vs. inactive chromatin: distribution in human fetal
fibroblasts. Chromosome Res 2000;8:405–24.

3. Henikoff S, Ahmad K, Platero JS, et al. Heterochromatic
deposition of centromeric histone H3-like proteins. Proc
Natl Acad Sci USA 2000;97:716–21.

4. Meluh PB, Yang P, Glowczewski L, et al. Cse4p is
a component of the core centromere of Saccharomyces
cerevisiae. Cell 1998;94:607–13.

5. Clarkson MJ, Wells JR, Gibson F, et al. Regions of variant
histone His2AvD required for Drosophila development.
Nature 1999;399:694–7.

6. Leach TJ, Mazzeo M, Chotkowski HL, et al. Histone
H2A.Z is widely but nonrandomly distributed in

Key Points
� Nucleosomes are the fundamental units of chromatin.They are

composed by146bp of DNA and by an octamer core of histone
proteins.Covalentmodifications of histoneproteins regulate the
structure and function of nucleosomes. All the changes in chro-
matin that do not involve a change in DNA sequence are defined
as epigenetics.

� Acetylation is one of the most studied epigenetic modifications.
It consists of the covalent addition of acetyl groups to the lysines
of histone N-terminal tails. This modification not only alters
chromatin structure by charge neutralization but may also pro-
vide unique binding surfaces for repressors and activators of
transcription.

� Molecular mechanisms in cell transformation processes increas-
ingly indicate that cancer is also an epigenetic disease. Imbalance
of acetylation and deacetylation levels results in development of
malignancies. HAT and HDAC inhibitors are used as drugs in
treatment of different types of cancers.

216 Verdone et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/bfg/article/5/3/209/246802 by guest on 24 April 2024



chromosomes of Drosophila melanogaster. J Biol Chem
2000;275:23267–72.

7. Dhillon N, Kamakaka RT. Breaking through to the other
side: silencers and barriers. Curr Opin Genet Dev 2002;12:
188–92.

8. Adam M, Robert F, Larochelle M, et al. H2A.Z is required
for global chromatin integrity and for recruitment of RNA
polymerase II under specific conditions. Mol Cell Biol 2001;
21:6270–9.

9. Dhillon N, Oki M, Szyjka SJ, et al. H2A.Z functions to
regulate progression through the cell cycle. Mol Cell Biol
2006;26:489–501.

10. Guillemette B, Bataille AR, Gevry N, et al. Variant histone
H2A.Z is globally localized to the promoters of inactive
yeast genes and regulates nucleosome positioning. PLoSBiol
2005;3:2100–10.

11. Zhang H, Roberts DN, Cairns BR. Genome-wide
dynamics of HTZ1, a histone H2A variant that poises
repressed/basal promoters for activation through histone
loss. Cell 2005;123:219–231.

12. Raisner RM, Hartley PD, Meneghini MD, et al. Histone
variant H2A.Z marks the 5’ ends of both active and inactive
genes in euchromatin. Cell 2005;123:233–48.

13. Li B, Pattenden SG, Lee D, et al. Preferential occupancy of
histone variant H2A.Z at inactive promoters influences local
histone modifications and chromatin remodeling. Proc Natl
Acad Sci USA 2005;102:18385–90.

14. Strahl BD, Allis CD. The language of covalent histone
modifications. Nature 2000;403:41–5.

15. Berger SL. Histone modifications in transcriptional regula-
tion. Curr OpinGenet Dev 2002;12:142–8.

16. Turner BM. Cellular memory and the histone code. Cell
2002;111:285–91.

17. Fischle W, Wang Y, Allis CD. Binary switches and
modification cassettes in histone biology and beyond.
Nature 2003;425:475–9.

18. Brownell JE, Zhou J, Ranalli T, et al. Tetrahymena
histone acetyltransferase A: a homolog to yeast Gcn5p
linking histone acetylation to gene activation. Cell 1996;84:
843–51.

19. Allfrey Vg, Faulkner R, Mirsky Ae. Acetylation and
methylation of histones and their possible role in the
regulation of rna synthesis. Proc Natl Acad Sci USA 1964;51:
786–94.

20. Marmorstein R. Protein modules that manipulate histone
tails for chromatin regulation. Nat RevMol Cell Biol 2001;2:
422–32.

21. Kurdistani SK, Grunstein M. Histone acetylation and
deacetylation in yeast. Nat RevMol Cell Biol 2003;4:276–84.

22. Kornberg RD, Lorch Y. Twenty-five years of the
nucleosome, fundamental particle of the eukaryote
chromosome. Cell 1999;98:285–94.

23. Yang XJ. Lysine acetylation and bromodomain: a new
partnership for signaling. Bioessays 2004;26:1076–87.

24. Dhalluin C, Carlson JE, Zeng L, et al. Structure and ligand
of a histone acetyltransferase bromodomain. Nature 1999;
399:491–6.

25. Hassan AH, Prochasson P, Neely KE, et al. Function and
selectivity of bromodomains in anchoring chromatin-
modifying complexes to promoter nucleosomes. Cell
2002;111:369–79.

26. Mujtaba S, He Y, Zeng L, etal. Structural mechanism of the
bromodomain of the coactivator CBP in p53 transcriptional
activation. Mol Cell 2004;13:251–63.

27. Jacobson RH, Ladurner AG, King DS, et al. Structure and
function of a human TAFII250 double bromodomain
module. Science 2000;288:1422–5.

28. Vogelauer M, Wu J, Suka N, et al. Global histone
acetylation and deacetylation in yeast. Nature 2000;408:
495–8.

29. Kurdistani SK, Tavazoie S, Grunstein M. Mapping global
histone acetylation patterns to gene expression. Cell 2004;
117:721–33.

30. Dion MF, Altschuler SJ, Wu LF, et al. Genomic
characterization reveals a simple histone H4 acetylation
code. Proc Natl Acad Sci USA 2005;102:5501–6.

31. Pokholok DK, Harbison CT, Levine S, etal. Genome-wide
map of nucleosome acetylation and methylation in yeast.
Cell 2005;122:517–27.

32. Schubeler D, Turner BM. A new map for navigating the
yeast epigenome. Cell 2005;122:489–92.

33. Fischle W, Wang Y, Allis CD. Histone and chromatin
cross-talk. Curr Opin Cell Biol 2003;15:172–83.

34. Peterson CL, Laniel MA. Histones and histone modifica-
tions. Curr Biol 2004;14:546–51.

35. Candau R, Moore PA, Wang L, et al. Identification of
human proteins functionally conserved with the yeast
putative adaptors ADA2 and GCN5. Mol Cell Biol 1996;16:
593–602.

36. Xu W, Edmondson DG, Roth SY. Mammalian GCN5 and
P/CAF acetyltransferases have homologous amino-terminal
domains important for recognition of nucleosomal sub-
strates. Mol Cell Biol 1998;18:5659–69.

37. Georgakopoulos T, Thireos G. Two distinct yeast tran-
scriptional activators require the function of the GCN5
protein to promote normal levels of transcription. EMBOJ
1992;11:4145–52.

38. Kleff S, Andrulis ED, Anderson CW, et al. Identification
of a gene encoding a yeast histone H4 acetyltransferase.
J Biol Chem 1995;270:24674–7.

39. Smith ER, Belote JM, Schiltz RL, et al. Cloning
of Drosophila GCN5: conserved futures among
metazoan GCN5 family members. Nucleic Acids Res 1998;
26:2948–54.

40. Hettmann C, Soldati D. Cloning and analysis of a
Toxoplasma gondii histone acetyltransferase: a novel
chromatin remodelling factor in apicomplexan parasites.
Nucleic Acids Res 1999;27:4344–52.

41. Puri PL, Sartorelli V, Yang XJ, et al. Differential roles of
p300 and PCAF acetylatransferases in muscle differentiation.
Mol Cell 1997;1:35–45.

42. Blanco JC, Minucci S, Lu J, et al. The histone acetylase
PCAF is a nuclear receptor coactivator. GenesDev 1998;12:
1638–51.

43. Korzus E, Torchia J, Rose DW, et al. Transcription factor-
specif requirements for co-activators and their acetyl-
transferase function. Science 1998;279:703–7.

44. Xu L, Lavinsky RM, Dasen JS, et al. Signal-specific
co-activator domain requirements for Pit-1 activation.
Nature 1998;395:301–6.

45. Bannister AJ, Kouzarides T. The CBP co-activator is a
histone acetyltransferase. Nature 1996;384:641–3.

Histone acetylation in gene regulation 217
D

ow
nloaded from

 https://academ
ic.oup.com

/bfg/article/5/3/209/246802 by guest on 24 April 2024



46. Shikama N, Lyon J, La Thangue NB. The p300/CBP
family: integrating signals with transcription factors and
chromatin. Trends Cell Biol 1997;6:230–6.

47. Sterner DE, Berger SL. Acetylation of histones and
transcription-related factors. Microbiol Mol Biol Rev 2000;64:
435–59.

48. Glass CK, Rosenfeld MG. The coregulator exchange in
transcriptional functions of nuclear receptors. Genes Dev
2000;14:121–41.

49. Parthun MR, Widom J, Gottschling DE. The major
cytoplasmic histone acetyltransferase in yeast: links to
chromatin replication and histone metabolism. Cell 1996;
87:85–94.

50. Ruiz-Garcia AB, Sendra R, Galiana M, et al. HAT1 and
HAT2 proteins are components of a yeast nuclear histone
acetyltransferase enzyme specific for free histone H4. J Biol
Chem 1998;273:12599–605.

51. Qin S, Parthun MR. Recruitment of the type B
histone acetyltransferase Hat1p to chromatin is linked
to DNA double-strand breaks. Mol Cell Biol 2006;26:
3649–58.

52. Wittschieben B, Otero G, de Bizemont T, et al. A novel
histone acetyltransferase is an integral subunit of
elongating RNA polymerase II holoenzyme. Mol Cell
1999;4:123–8.

53. Kristjuhan A, Walker J, Suka N, et al. Transcriptional
inhibition of genes with severe histone H3 hypoacetylation
in the coding region. Mol Cell 2002;10:925–33.

54. Otero G, Fellows J, Li T, et al. Elongator, a multisubunit
component of a novel RNA polymerase II holoenzyme for
transcriptional elongation. Mol Cell 1999;3:109–18.

55. Borrow J, Stanton VP, Andersen JM, Jr, et al. The
translocation t(8;16) (p11;p13) of acute myeloid leukemia
fuses a putative acetyltransferase to the CREB-binding
protein. Nat Genet 1996;14:33–41.

56. Carapeti M, Aguiar RC, Goldman JM, et al. A novel
fusion between MOZ and the nuclear receptor
coactivator TIF2 in acute myeloid leukemias. Blood 1998;
91:3127–33.

57. Liang J, Prouty L, Williams BJ, et al. Acute mixed lineage
leukemia with an inv(8) (p11q13) resulting in fusion of the
genes for MOZ and TIF2. Blood 1998;92:2118–22.

58. Rozman M, Camos M, Colomer D, etal. Type MOZ/CBP
(MYST3/CREBBP) is the most common chimeric tran-
script in acute myeloid leukemia with t(8;16) (p11;p13)
translocation. Genes Chromosomes Cancer 2004;40:140–5.

59. Kim MS, Merlo X, Wilson C, et al. Co-activation of atrial
natriuretic factor promoter by Tip60 and serum response
factor. J Biol Cell 2006 Apr 5, in press.

60. Yang XJ. The diverse superfamily of lysine acetyltransferases
and their roles in leukemia and other diseases. Nucleic Acid
Res 2004;32:959–76.

61. Kusch T, Florens L, Macdonald WH, et al. Acetylation by
Tip60 is required for selective histone variant exchange at
DNA lesions. Science 2004;306:2084–7.

62. Champagne N, Bertos NR, Pelletier N, et al. Identification
of a human histone acetyltransferase related to mono-
cyte leukemia zinc finger protein. J Biol Chem 1999;274:
28528–36.

63. Burke TW, Cook JG, Nevins JR. Replication factors
MCM2 and ORC1 interact with the histone acetyl-
transferase HBO1. J Biol Chem 2001;276:15397–408.

64. Iizuka M, Stillman B. Histone acetyltransferase HBO1
interacs with ORC1 subunit of the human initiator protein.
J Biol Chem 1999;274:23027–34.

65. Berger SL, Pina B, Silverman N, et al. Genetic isolation of
ADA2: a potential transcriptional adaptor required for
function of certain acidic activation domains. Cell 1992;70:
251–65.

66. Holstege FC, Jennings EG, Wyrick JJ, et al. Dissecting the
regulatory circuitry of a eukaryotic genome. Cell 1998;95:
717–28.

67. Zhang W, Bone JR, Edmondson DG, et al. Essential and
redundant functions of histone acetylation revealed by
mutation of target lysines and loss of the Gcn5p
acetyltransferase. EMBOJ 1998;17:3155–67.

68. Suka N, Suka Y, Carmen AA, et al. Highly
specific antibodies determine histone acetylation site
usage in yeast heterochromatin and euchromatin. Mol Cell
2001;8:473–9.

69. Grant PA, Duggan L, Cote J, et al. Yeast Gcn5 functions
in two multisubunit complexes to acetylate nucleosomal
histones: characterization of an Ada complex and the SAGA
(Spt/Ada) complex. Genes Dev 1997;11:1640–50.

70. Brown CE, Lechner T, Howe L, et al. The many
HATs of transcription co-activators. Trends Biochem Sci
2000;25:15–9.

71. Eberharter A, Sterner DE, Schieltz D, et al. The ADA
complex is a distinct histone acetyltransferase complex in
Saccharomyces cerevisiae. Mol Cell Biol 1999;19:6621–31.

72. Grant PA, Workman JL. Transcription: a lesson in sharing?
Nature 1998;396:410–1.

73. Roth SY, Denu JM, Allis CD. Histone acetyltransferases.
Annu Rev Biochem 2001;70:81–120.

74. Waterborg JH. Steady-state levels of histone acetylation
in Saccharomyces cereviasie. J Biol Chem 2000;275:
13007–11.

75. Imoberdorf RM, Topalidou I, Strubin M. A role for
gcn5-mediated global histone acetylation in transcriptional
regulation. Mol Cell Biol 2006;26:1610–6.

76. Deckert J, Struhl K. Histone acetylation at promoters is
differentially affected by specific activators and repressors.
Mol Cell 2001;21:2726–35.

77. Allard S, Utley RT, Savard J, et al. NuA4, an essential
transcription adaptor/histone H4 acetyltransferase complex
containing Esa1p and the ATF-related cofactor Tra1p.
EMBOJ 1999;18:5108–19.

78. Reid JL, Iyer VR, Brown PO, et al. Coordinate regulation
of yeast ribosomal protein genes is associated with targeted
recruitment of Esa1 histone acetylase. Mol Cell 2000;6:
1297–307.

79. Durant M, Pugh BF. Genome-wide relationships between
TAF1 and histone acetyltransferases in Saccharomyces
cerevisiae. Mol Cell Biol 2006;26:2791–802.

80. Mizzen CA, Yang XJ, Kobuko T, et al. The TAF(II)250
subunit of TAFIID has histone acetyltransferase activity. Cell
1996;87:1261–70.

81. Lee TI, Causton HC, Holstege FC, et al. Redundant roles
for the TFIID and SAGA complexes in global transcription.
Nature 2000;405:701–4.

82. Hilton TL, Li Y, Dunphy EL, et al. TAF1 histone
acetyltransferase activity in Sp1 activation of the cyclin D1
promoter. Mol Cell Biol 2005;25:4321–32.

218 Verdone et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/bfg/article/5/3/209/246802 by guest on 24 April 2024



83. Matangkasombut O, Buratowski RM, Swilling NW, et al.
Bromodomain factor 1 corresponds to a missing piece of
yeast TFIID. Genes Dev 2000;14:951–62.

84. Verdone L, Caserta M, Di Mauro E. Role of histone
acetylation in the control of gene expression. BiochemCell
Biol 2005;83:344–53.

85. Robyr D, Suka Y, Xenarios I, et al. Microarray deacetyla-
tion maps determine genome-wide functions for yeast
histone deacetylases. Cell 2002;109:437–46.

86. Grozinger CM, Schreiber SL. Deacetylase enzymes:
biological functions and the use of small-molecule
inhibitors. Chem Biol 2002;9:3–16.

87. Lin HY, Chen CS, Lin SP, et al. Targeting histone
deacetylase in cancer therapy. Med Res Rev 2004;31:1–17.

88. Verdin E, Dequiedt F, Kasler HG. Class II histone
deacetylases: versatile regulators. Trends Genet 2003;19:
286–93.

89. Luo J, Nikolaev AY, Imai S, et al. Negative control of p53
by Sir2alpha promotes cell survival under stress. Cell 2001;
107:137–48.

90. Vaziri H, Dessain SK, Ng Eaton E, et al. hSIR2(SIRT1)
functions as an NAD-dependent p53 deacetylase. Cell
2001;107:149–59.

91. Santos-Rosa H, Caldas C. Chromatin modifier enzymes,
the histone code and cancer. EurJCancer 2005;41:2381–402.

92. Waterborg JH. Dynamics of histone acetylation in
Saccharomyces cerevisiae. Biochemistry 2001;40:2599–605.

93. Katan-Khaykovich Y, Struhl K. Dynamics of global histone
acetylation and deacetylation in vivo: rapid restoration of
normal histone acetylation status upon removal of activators
and repressors. Genes Dev 2002;16:743–52.

94. Verdone L, Camilloni G, Di Mauro E, et al. Chromatin
remodeling during saccharomyces cerevisiae ADH2 gene
activation. Mol Cell Biol 1996;16:1978–88.

95. Verdone L, Wu J, van Riper K, et al. Hyperacetylation of
chromatin at the ADH2 promoter allows Adr1 to bind in
repressed conditions. EMBOJ 2002;21:1101–11.

96. Agricola E, Verdone L, Xella B, et al. Common chromatin
architecture, common chromatin remodeling, and
common transcription kinetics of Adr1-dependent genes
in Saccharomyces cerevisiae. Biochemisty 2004;43:8878–84.

97. Feinberg AP, Vogelstein B. Hypomethylation distin-
guishes genes of some human cancers from their normal
counterparts. Nature 1983;301:89–92.

98. Jones PA, Baylin SB. The fundamental role of epigenetic
events in cancer. Nat Rev Genet 2002;3:415–28.

99. Herman JG, Baylin SB. Gene silencing in cancer
in association with promoter hypermethylation. N Engl J
Med 2003;349:2042–54.

100. Feinberg AP, Tycko B. The history of cancer epigenetics.
Nat Rev Cancer 2004;4:143–53.

101. Esteller M. Aberrant DNA methylation as a cancer-
inducing mechanism. Annu Rev PharmacolToxicol 2005;45:
629–56.

102. Minucci S, Pelicci PG. Histone deacetylase inhibitors and
the promise of epigenetic (and more) treatments for
cancer. Nat RevCancer 2006;6:38–51.

103. Fahrner JA, Eguchi S, Herman JG, et al. Dependence of
histone modification and gene expression on DNA
hypermethylation in cancer. Cancer Res 2002;62:7213–8.

104. Ballestar E, Paz MF, Valle L, et al. Methyl-CpG binding
proteins identify novel sites of epigenetic inactivation in
human cancer. EMBOJ 2003;22:6335–45.

105. Laird PW. Cancer epigenetics. Hum Mol Genet 2005;14:
65–76.

106. Fraga MF, Ballestar E, Villar-Garea A, et al. Loss of acetyla-
tion at Lys16 and trimethylation at Lys20 of histone H4 is a
common hallmark of human cancer. Nat Genet 2005;37:
391–400.

107. Seligson DB, Horvath S, Shi T, et al. Global histone
modification patterns predict risk of prostate cancer
recurrence. Nature 2005;435:1262–6.

108. Yoo CB, Jones PA. Epigenetic therapy of cancer: past,
present and future. Nat Rev Drug Discov 2006;5:37–50.

109. Toyota M, Issa JP. Epigenetic changes in solid and
hematopoietic tumors. SeminOncol 2005;32:521–30.

110. Esteller M. Epigenetics provides a new generation of
oncogenes and tumour-suppressor genes. BrJCancer 2006;
94:179–83.

111. Hake SB, Xiao A, Allis CD. Linking the epigenetic
’language’ of covalent histone modifications to cancer.
BrJ Cancer 2004;90:761–9.

112. Kang J, Chen J, Shi Y, et al. Curcumin-induced histone
hypoacetylation: the role of reactive oxygen species.
Biochem Pharmacol 2005;69:1205–13.

113. Panagopoulos I, Teixeira MR, Micci F, et al. Acute
myeloid leukemia with inv(8)(p11q13). Leuk Lymphoma
2000;39:651–6.

114. Huntly BJ, Shigematsu H, Deguchi K, et al. MOZ-TIF2,
but not BCR-ABL, confers properties of leukemic stem
cells to committed murine hematopoietic progenitors.
Cancer Cell 2004;6:587–96.

115. Murati A, Adelaide J, Popovici C, et al. A further case of
acute myelomonocytic leukemia with inv(8) chromosomal
rearrangement and MOZ-NCOA2 gene fusion. Int J Mol
Med 2003;12:423–8.

116. Yao TP, Oh SP, Fuchs M, et al. Gene dosage-dependent
embryonic development and proliferation defects inmice lack-
ing the transcriptional integrator p300. Cell 1998;93:361–72.

117. Kung AL, Rebel VI, Bronson RT, et al. Gene dose-
dependent control of hematopoiesis and hematologic
tumor suppression by CBP. Genes Dev 2000;14:272–7.

118. Shigeno K, Yoshida H, Pan L, etal. Disease-related potential
of mutations in transcriptional cofactors CREB-binding
protein and p300 in leukemias. Cancer Lett 2004;213:11–20.

119. Gayther SA, Batley SJ, Linger L, etal. Mutations truncating
the EP300 acetylase in human cancers. NatGenet 2000;24:
300–3.

120. Murata T, Kurokawa R, Krones A, et al. Defect of histone
acetyltransferase activity of the nuclear transcriptional
coactivator CBP in Rubinstein-Taybi syndrome. Hum
Mol Genet 2001;10:1071–6.

121. Alarcon JM, Malleret G, Touzani K, et al. Chromatin
acetylation, memory, and LTP are impaired in CBPþ/�
mice: a model for the cognitive deficit in Rubinstein-
Taybi syndrome and its amelioration. Neuron 2004;42:
947–59.

122. Korzus E, Rosenfeld MG, Mayford M. CBP histone
acetyltransferase activity is a critical component of memory
consolidation. Neuron 2004;42:961–72.

Histone acetylation in gene regulation 219
D

ow
nloaded from

 https://academ
ic.oup.com

/bfg/article/5/3/209/246802 by guest on 24 April 2024



123. Iyer NG, Ozdag H, Caldas C. p300/CBP and cancer.
Oncogene 2004;23:4225–31.

124. Goodman RH, Smolik S. CBP/p300 in cell growth,
transformation, and development. Genes Dev 2000;14:
1553–77.

125. Zhang Q, Yao H, Vo N, et al. Acetylation of
adenovirus E1A regulates binding of the transcriptional
corepressor CtBP. Proc Natl Acad Sci USA 2000;97:
14323–8.

126. Patel JH, Du Y, Ard PG, et al. The c-MYC oncoprotein
is a substrate of the acetyltransferases hGCN5/PCAF and
TIP60. Mol Cell Biol 2004;24:10826–34.

127. Taubert S, Gorrini C, Frank SR, et al. E2F-dependent
histone acetylation and recruitment of the Tip60 acetyl-
transferase complex to chromatin in late G1. Mol Cell Biol
2004;24:4546–56.

128. Urnov FD, Yee J, Sachs L, et al. Targeting of N-CoR and
histone deacetylase 3 by the oncoprotein v-erb. A yields
a chromatin infrastructure-dependent transcriptional
repression pathway. EMBOJ 2000;19:4074–90.

129. Cress WD, Seto E. Histone deacetylases, transcriptional
control, and cancer. J Cell Physiol 2000;184:1–16.

130. Minucci S, Pelicci PG. Retinoid receptors in health and
disease: co-regulators and the chromatin connection.
Semin Cell Dev Biol 1999;10:215–25.

131. Minucci S, Maccarana M, Cioce M, et al. Oligomerization
of RAR and AML1 transcription factors as a novel
mechanism of oncogenic activation. Mol Cell 2000;5:
811–20.

132. Lin RJ, Egan DA, Evans RM. Molecular genetics
of acute promyelocytic leukemia. Trends Genet 1999;15:
179–84.

133. Lin RJ, Evans RM. Acquisition of oncogenic potential by
RAR chimeras in acute promyelocytic leukemia through
formation of homodimers. Mol Cell 2000;5:821–30.

134. Faretta M, Di Croce L, Pelicci PG. Effects of the acute
myeloid leukemia–associated fusion proteins on nuclear
architecture. Semin Hematol 2001;38:42–53.

135. Jones LK, Saha V. Chromatin modification,
leukaemia and implications for therapy. Br J Haematol
2002;118:714–27.

136. Moe-Behrens GH, Pandolfi PP. Targeting aberrant
transcriptional repression in acute myeloid leukemia. Rev
Clin ExpHematol 2003;7:139–59.

137. Bowen NJ, Fujita N, Kajita M, et al. Mi-2/NuRD:
multiple complexes for many purposes. Biochim Biophys
Acta 2004;1677:52–7.

138. Toh Y, Ohga T, Endo K, et al. Expression of
the metastasis-associated MTA1 protein and its
relationship to deacetylation of the histone H4 in
esophageal squamous cell carcinomas. Int J Cancer 2004;
110:362–7.

139. Zhang H, Stephens LC, Kumar R. Metastasis tumor
antigen family proteins during breast cancer progression
and metastasis in a reliable mouse model for human breast
cancer. Clin Cancer Res 2006;12:1479–86.

140. Yoo YG, Kong G, Lee MO. Metastasis-associated protein
1 enhances stability of hypoxia-inducible factor-1alpha
protein by recruiting histone deacetylase 1. EMBOJ 2006;
25:1231–41.

141. Zhu P, Martin E, Mengwasser J, et al. Induction of
HDAC2 expression upon loss of APC in colorectal
tumorigenesis. Cancer Cell 2004;5:455–63.

142. Bode AM, Dong Z. Post-translational modification of p53
in tumorigenesis. Nat Rev Cancer 2004;4:793–805.

143. Insinga A, Monestiroli S, Ronzoni S, et al. Impairment of
p53 acetylation, stability and function by an oncogenic
transcription factor. EMBOJ 2004;23:1144–54.

144. Mai A, Massa S, Rotili D, et al. Histone deacetylation
in epigenetics: an attractive target for anticancer therapy.
Med Res Rev 2005;25:261–309.

145. Mutskov V, Felsenfeld G. Silencing of transgene transcrip-
tion precedes methylation of promoter DNA and histone
H3 lysine 9. EMBOJ 2004;23:138–49.

146. Ungerstedt JS, Sowa Y, Xu WS, et al. Role of thioredoxin
in the response of normal and transformed cells to histone
deacetylase inhibitors. Proc Natl Acad Sci USA 2005;102:
673–8.

147. Gui CY, Ngo L, Xu WS, et al. Histone deacetylase
(HDAC) inhibitor activation of p21WAF1 involves
changes in promoter-associated proteins, including
HDAC1. Proc Natl Acad Sci USA 2004;101:1241–6.

148. Dokmanovic M, Marks PA. Prospects: histone deacetylase
inhibitors. J Cell Biochem 2005;96:293–304.

149. Roy S, Packman K, Jeffrey R, et al. Histone deacetylase
inhibitors differentially stabilize acetylated p53 and induce
cell cycle arrest or apoptosis in prostate cancer cells. Cell
Death Differ 2005;12:482–91.

150. Luo J, Su F, Chen D, etal. Deacetylation of p53 modulates
its effect on cell growth and apoptosis. Nature 2000;408:
377–81.

151. Subramanian C, Opipari AW, Jr, Bian X, et al. Ku70
acetylation mediates neuroblastoma cell death induced by
histone deacetylase inhibitors. ProcNatlAcadSciUSA 2005;
102:4842–7.

152. Bali P, Pranpat M, Bradner J, et al. Inhibition of histone
deacetylase 6 acetylates and disrupts the chaperone
function of heat shock protein 90: a novel basis for
antileukemia activity of histone deacetylase inhibitors.
J Biol Chem 2005;280:26729–34.

153. Bradbury CA, Khanim FL, Hayden R, et al. Histone
deacetylases in acute myeloid leukaemia show a
distinctive pattern of expression that changes selectively
in response to deacetylase inhibitors. Leukemia 2005;19:
1751–9.

154. Marks PA, Richon VM, Rifkind RA. Histone
deacetylase inhibitors: inducers of differentiation or
apoptosis of transformed cells. J Natl Cancer Inst 2000;92:
1210–6.

155. Marks PA, Richon VM, Breswlow R. Histone deacetyl-
ases inhibitors as new cancer drugs. CurrOpinOncol 2001;
13:1–13.

156. Kramer OH, Gottlicher M, Heinzel T. Histone deacetyl-
ase as a therapeutic target. Trends EndocrinolMetab 2001;12:
294–300.

157. Vigushin DM, Coombes RC. Histone deacetylase
inhibitors in cancer treatment. Anticancer Drugs 2002;13:
1–13.

158. Cameron EE, Bachman KE, Myohanen S, etal. Synergy of
demethylation and histone deacetylase inhibition in the

220 Verdone et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/bfg/article/5/3/209/246802 by guest on 24 April 2024



re-expression of genes silenced in cancer. NatGenet 1999;
21:103–7.

159. Balasubramanyam K, Varier RA, Altaf M, et al.
Curcumin, a novel p300/CREB-binding protein-specific
inhibitor of acetyltransferase, represses the acetylation of
histone/non histone proteins and histone acetyltransferase-
dependent chromatin transcription. J Biol Chem 2004;279:
51163–71.

160. Aggarwal S, Ichikawa H, Takada Y, et al. Curcumin
(diferuloylmethane) down-regulates expression of cell
proliferation and antiapoptotic and metastatic gene
products through suppression of Ikappa B alpha kinase
and Akt activation. Mol Pharmacol 2006;69:195–206.

161. Jones PA, Martienssen R. A blueprint for Human
Epigenome Project: the AACR Human Epigenome
Workshop. Cancer Res 2005;24:11241–6.

Histone acetylation in gene regulation 221
D

ow
nloaded from

 https://academ
ic.oup.com

/bfg/article/5/3/209/246802 by guest on 24 April 2024


