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Post-translational modifications, such as acetylation or phosphorylation, play a crucial role in the

regulation of gene transcription in eukaryotes. Different subtypes of histone acetyl transferases (HATs)

catalyze the acetylation of histones on specific lysine residues. A potential role of HATs in the pathology

of cancer, asthma, COPD and viral infection has been described. This indicates that specific HAT

inhibitors are potential tools for pharmacological research and might find therapeutic applications. This

review focuses on the role of the HATs p300, CBP, PCAF and GCN5 in different diseases and the

development of small-molecule inhibitors of these enzymes as potential drugs.
The nucleus of eukaryotic cells contains highly organized and

tightly regulated machineries involved in the control of gene

transcription [1]. Histones are the basic packaging units for

DNA and they undergo post-translational modifications. Such

modifications form distinct patterns that regulate the transcrip-

tion of specific genes [2]. These patterns are referred to as ‘the

histone code’ [3]. Normal and aberrant cell function depends not

only on genetic properties encoded within the DNA sequence.

There is increasing evidence that specific post-translational marks

on the histones contribute to both normal and aberrant cell

function. These post-translational marks are altered by histone-

modifying enzymes, such as histone deacetylases (HDACs) and

histone acetyl transferases (HATs). Reversible acetylation of his-

tone and nonhistone targets can cause changes in conformation

and/or molecular recognition of these proteins (Fig. 1). This review

focuses on the HATs; general control of amino acid synthesis

protein 5 (GCN5) and p300/CBP-associated factor (PCAF), which

both belong to the GCN5-related N-acetyl transferase (GNAT)

family HATs. Furthermore, the HATs p300 and CBP, which both

belong to the p300/CBP family, are discussed. The discussion

focuses on the role of these enzymes in different disease models

like cancer, asthma, chronic obstructive pulmonary disease

(COPD) and viral infection. We put particular emphasis on the

development of small-molecule inhibitors for these enzymes as
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tools in reverse chemical genetics studies and for potential ther-

apeutic applications.

Histone acetylation is a key epigenetic modification
Epigenetic modifications
Epigenetic modifications have been defined as the structural

alteration of chromosomal regions to register, signal or perpetuate

altered activity states [4]. It has been shown that DNA-methylation

can mediate heritage of properties that are not encoded in the

DNA, and is therefore referred to as ‘epigenetic modification’ [4]. A

comparable role has not been proven for post-translational mod-

ifications of the histones [4]. Nevertheless, both DNA-methylation

and histone modifications are often referred to as ‘epigentic mod-

ifications’. These modifications represent major contributors to

the regulation of gene transcription [5]. Several histone modifica-

tions have been described, including acetylation, methylation,

phosphorylation and ubiquitination (for a review see [2]). Histone

modifications serve two main purposes. The first purpose is to

provide or remove recruitment signals for nonhistone proteins

involved in transcriptional activation and silencing. The second

purpose is to change chromatin structure and, hence, the physical

interactions between histones and DNA.

Action of histone acetyl transferases
The actions of HATs in gene transcription can be divided into gene-

specific effects and global effects. Histone acetylation targeted to
ee front matter � 2009 Elsevier Ltd. All rights reserved. doi:10.1016/j.drudis.2009.06.008
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FIGURE 1

The disparate family of histone acetyl transferases (HATs) acetylates histones

and nonhistone targets. Acetylation of nonhistone targets can lead to
changes in enzyme activity and protein–protein interactions, which have

consequences for signal transduction. Acetylation of histones can result in

changes in histone–DNA and histone–protein interactions, which have
consequences for the accessibility of the DNA and/or binding of transcription

factors.
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promoters mediates activation or repression of specific genes [6],

whereashistoneacetylationover large regionsof chromatin, includ-

ing coding regions and nonpromotor regions, affect global gene

expression levels [7]. It has been shown that global histone mod-

ification levels are predictive of cancer recurrence [8]. This indicates

that histone acetylation is a versatile regulatory event that plays a

key role in multiple cellular processes.

Crosstalk between histone modifications
There is increasing evidence of crosstalk between histone mod-

ifications in the regulation of gene transcription [2,9]. Synergistic

coupling within the same histone has been described between

histone H3 serine 10 phosphorylation and lysine 14 acetylation in

EGF-mediated signal transduction [10]. The enzyme GCN5 shows

a tenfold increased Km for acetylation of serine 10 in phosphory-

lated histone H3 compared to nonphosphorylated histone H3. It

has been discovered that interaction of 14-3-3 proteins with

histone H3 depends on the combined presence of both serine

10 phosphorylation and lysine 14 acetylation [11]. Recently, cross-

talk between different histones in one nucleosome has been

described. The GCN5 bromodomain of the Spt-Ada-Gcn5-acetyl

transferase (SAGA) complex enhances histone H3 acetylation,

when the other histone H3 tail in a nucleosome is already acety-

lated [12]. It also augments the acetylation of nucleosomes that are

already acetylated on histone H4 lysine 16. These studies show

how histone modifications can mutually affect each other and that

combinations of histone modifications play a role in the regula-

tion of gene transcription. Combined inhibition of different

enzymes that influence different histone modifications could

provide synergistic therapeutic effects, as demonstrated for the

combination of the DNA demethylation inhibitor 5-aza-20-deox-

ycytidine and the HDAC inhibitor trichostatin A (TSA) [13].

HAT families
HATs can be organized into families based on primary-structure

homology. The four HAT families that have been studied exten-
sively are: the GNAT family; the p300/CBP family; the MYST

family and the Rtt109 family [6,14,15]. Several other HAT families

have been identified, but they have been studied less extensively.

The HATs, PCAF and GCN5, are the members of the GNAT family

and share 73% sequence homology. The HAT PCAF acetylates

histone H3 on lysine 14 and, less efficiently, histone H4 on lysine

8 [16]. It should be noted, however, that HATs are often part of

multisubunit protein complexes that determine their binding

preferences and catalytic activity [6]. The p300/CBP family HATs

p300 (alternative name: E1A-associated protein p300; gene name:

EP300) and CBP (alternative abbreviation: CREBBP) share 60%

sequence homology. HAT p300 preferentially acetylates histone

H2B lysine 12 and 15, H3 lysine 14 and 18 and H4 lysine 5 and 8

[16]. The MYST family HATs are closely linked to cancer (for a

review see [17]). The enzymes p300 and PCAF show minimal

sequence homology and rather modest structural homology

[18]. The lack of homology suggests that these enzymes have

different functions and that identification of subtype-specific

HAT inhibitors is feasible.

The role of HATs in disease
p300 and CBP in cancer
The role of p300 and CBP in cancer is under debate. Some studies

indicate a role as tumor suppressors, yet other studies suggest a role

as tumor promoters. It has been reported that p300 behaves as a

classical tumor suppressor gene [19]. Another study reported that

the p300 gene and the CBP gene are mutated in >85% of micro-

satellite instable (MSI)+ colon cancer cell lines and primary

tumors. p300 null MSI+ cancer cell lines that re-express exogenous

p300 showed slower growth and a more flattened morphology.

Despite the evidence that p300 acts as a tumor suppressor, other

studies indicate that downregulation and inhibition of p300 inhi-

bit the growth of tumor cells. It has been shown that downregula-

tion of p300 activity resulted in growth inhibition and activation

of a senescence checkpoint in human melanocytes [20] and that

p300/CBP HAT activity is important for the G1/S transition

[21,22]. These results indicate that the role of p300/CBP in cancer

biology is versatile and context dependent. Interestingly, it has

been found that the monocytic leukemia zinc finger protein

(MOZ) forms fusion genes with the p300 HAT by chromosome

translocation in myeloid leukemia [23,24]. This raises the idea that

chromosomal translocations to histone acetyl transferases could

lead to diseases like cancer and that small-molecule HAT inhibitors

could be exploited therapeutically.

PCAF and GCN5 in cancer
The enzymes PCAF and GCN5 perform global histone acetylations

and locus-specific histone acetylations, as well as acetylations of

nonhistone proteins [6]. These enzymes are often part of large

multiprotein complexes, which regulate their activity and speci-

ficity. It is, therefore, not surprising that studies on the roles of

PCAF and GCN5 in cell proliferation and cancer biology provide

contradictory results. The role of PCAF and GCN5 has been

reviewed [6]. Mutations that result in elevated activity of the

EGF signaling pathway are found in many cancer subtypes. Inter-

estingly, GCN5 plays a key role in EGF-mediated gene transcrip-

tion and provides a target for the downregulation of oncogenic

EGF signaling [10]. Furthermore, it has been shown that GCN5 is
www.drugdiscoverytoday.com 943
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FIGURE 2

Bisubstrate inhibitors for the HATs p300 and PCAF.
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crucial for cell cycle progression, which is also relevant for cancer

therapy [25]. These results indicate that the HATs, PCAF and

GCN5, might be exploited as anticancer targets.

Histone acetyl transferases in asthma and COPD
Inflammatory lung diseases, like asthma and COPD, are char-

acterized by excessive expression of inflammatory genes. Nuclear

factor kB (NF-kB) is an important regulator of gene transcription

of several genes that are involved in airway inflammation. NF-kB

requires cofactors, such as HDACs and HATs, for the activation of

gene transcription [26,27]. The activities of HATs and HDACs are

changed in asthma and COPD. Bronchial biopsies from asth-

matic patients show increased HAT activity and reduced HDAC

activity [27,28]. Similar changes have been found in alveolar

macrophages from asthmatic patients [29]. Another study

reported that tumor necrosis factor a (TNFa) induced NF-kB

activity increases after overexpression of p300 and PCAF in

human airway smooth muscle cells (HSAMs) [30]. All these

findings suggest that HATs might represent potential drug targets

for inflammatory lung diseases like asthma and COPD. The

precise roles of different subtypes of HATs in inflammation

remain, however, to be elucidated.

Histone acetyl transferases in learning and memory
Histone modifications participate in the development and main-

tenance of cellular differentiation, which determine synapse for-

mation in nerve cells. Histone modifications, therefore, play an

important role in learning and memory processes [31]. It has been

discovered that PCAF knockout mice show an exaggerated

response to stress and impaired learning capacity [32]. Knockdown

of the HAT CBP in mice provides impaired long-term memory,

whereas the short-term memory is unaffected. The detailed roles of

the different subtypes of HATs in learning and memory, however,

remain to be elucidated. These initial studies indicate that it would

be interesting to explore the roles of histone-modifying enzymes

in the central nervous system to find new drug targets.
944 www.drugdiscoverytoday.com
Histone acetyl transferases in viral infections
The integration of HIV-1 virus into the human genome is catalyzed

by a viral protein integrase. It has been demonstrated that the

activity of the integrase is increased by p300-mediated acetylation

[33,34]. A recent study showed that garcinol-derived molecules

inhibit histone acetylation and HIV multiplication in T-cells at

nontoxic concentrations [35]. This suggests that HAT inhibitors

have potential for HIV treatment.

Small-molecule HAT inhibitors
Bisubstrate HAT inhibitors
The first inhibitor class to be described for the HATs p300 and

PCAF were bisubstrate inhibitors (Fig. 2, Table 1) [36]. Bisubstrate

inhibitors 1 and 2 show remarkable selectivity for the inhibition of

the HATs PCAF and p300 [36]. Introduction of a phenyl group

(inhibitor 3) improves the inhibition fourfold [37]. An extra

methyl on the linker between the lysine and Coenzyme A

(CoA) 4 also improves the inhibition fourfold [37]. Another study

revealed that dephosphorylation of the CoA moiety in the 30-

position 5 reduces the IC50 by 32-fold. The major limitation of

bisubstrate inhibitors is their lack of cell-permeability. To address

this problem, a construct has been reported in which a bisubstrate

HAT inhibitor and an arginine-rich peptide sequence were linked

to yield a cell-permeable molecule [38].

Structural information on the interaction between a bisubstrate

inhibitor and the HAT GCN5 is available [39]. The crystal structure

shows that the enzyme interacts with the pantothenic acid moi-

ety, the pyrophosphate moiety and the 30-phosphate of CoA.

Furthermore, there are interactions with the linker and five amino

acids of the histone peptide. This structural information could

inspire structure-based inhibitor development.

The natural product curcumin
It has been discovered that histone H3 and histone H4 acetylation

by p300/CBP is inhibited by curcumin 6 (IC50 25 mM), whereas

PCAF HAT activity is not affected (Fig. 3, Table 1) [40]. The enzyme
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TABLE 1

Inhibitors of the HATs p300 and PCAF

Compound p300 IC50 (mM) PCAF IC50 (mM) Refs

1, H3-CoA-20 200 0.3 (Kd 0.028) [36,64]

2, Lys-CoA 0.5 (Kd 0.019) 200 [36,64]

2, Lys-CoA 3.2 [37]

3, Lys-Phe-CoA 0.7 [37]

4, Lys-CoA-Me 0.8 [37]

2, Lys-CoA 0.05 [65]

5, Lys-CoA-30-dephospho 1.6 [65]

6, curcumin >400 [41]

7 21 [41]

8 33 [41]

9 233 [41]

10 168 [41]

11 5 [41]

12, garcinol 7 5 [43]

13, isogarcinol 7 5 [35]

14, LTK-14 5–7 – [35]

15, anacardic acid 8.5 5 [45]

20 100 (GCN5) [49]

21 23 28 [53]

22 32 [53]

23 >200 [53]

24 >10 [52]

25 1.8 [52]

26 5.6 [52]
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kinetics of p300/CBP inhibition by curcumin suggests that curcu-

min does not bind to the binding sites of either histone or acetyl

CoA, but to some other site of the enzyme. Exposure of tumor cells

to curcumin resulted in the inhibition of cell proliferation and

induction of apoptosis. Curcumin also inhibited acetylation of

HIV Tat by p300 in vitro. Another group reported small-molecule

cinnamoyl-derivatives as inhibitors of the HAT p300 [41]. They

identified derivative 11 (IC50 5 mM) as a more potent inhibitor than

curcumin. Recently, it has been described that curcumin 6 inhibits

HAT activity in vivo and prevents heart failure in rats [42]. These

findings indicate that the natural product curcumin 6 might be a

useful tool to dissect the role of the HAT p300 in several disease

models.

The natural product garcinol
The naturally occurring polyisoprenylated benzophenone garci-

nol 12 inhibits the HATs PCAF (IC50 5 mM) and p300 (IC50 5 mM)

[43]. It has been shown that garcinol 12 inhibits histone acetyla-

tion in cells treated with the HDAC inhibitor, TSA. Furthermore,

garcinol 12 induces apoptosis and predominantly downregulates

global gene expression in HeLa cells. Another study has shown

that garcinol 12 and isogarcinol 13 inhibit p300 and PCAF and

exhibit high cytotoxicity [35]. The derivative LTK-14 14 inhibits

p300 and not PCAF in the concentration range studied. The

garcinol derivatives are nontoxic to T-cells, inhibit histone acet-

ylation in HIV-infected cells and also inhibit the multiplication of
HIV. A recent study describes the mechanism of inhibition of

garcinol 12, isogarcinol 13 and LTK-14 14 [44]. The stoichiometry

for the inhibition of p300 by garcinol 12 and isogarcinol 13 was

1:2 and the stoichiometry for the inhibition of p300 by LTK-14 14

was 1:1. Equilibrium-binding constants (Kd) for binding to p300

were 6.6 mM for garcinol 12, 5.9 mM for isogarcinol 13 and 9.1 mM

for LTK-14 14. The methyl group on the aromatic alcohol in LTK-

14 14 reduces binding to PCAF, but not to p300. Enzyme kinetics

and mutagenesis studies suggest that the catechol moiety binds to

the acetyl-CoA-binding site. Interpreting these studies, it can be

concluded that garcinol is a valuable starting point for the devel-

opment of p300 and PCAF inhibitors. The potency of the com-

pound is relatively low, however, and the synthetic complexity of

garcinol limits studies on structure activity relationships.

The natural product anacardic acid
It has been discovered that the natural product, anacardic acid 15,

inhibits the HATs p300 (IC50 8.5 mM) and PCAF (IC50 5 mM) [45].

The anacardic acid derivative, CTPB 16, activates p300. CTPB

derivatives 17 and 18 with different alkyl chain lengths and

different substituents were studied for the inhibition of histone

acetylation in cell lines [46]. It was discovered that derivatives 17

and 18 are as potent as anacardic acid. Recently, long-chain

alkylidenemalonate 19 has been identified as a small-molecule

modulator of the HATs p300 and CBP with potency approximately

equal to anacardic acid 15 [47]. It has been shown that anacardic
www.drugdiscoverytoday.com 945
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FIGURE 3

Inhibitors of the HATs p300 and PCAF.
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acid 15 influences NF-kB activation in response to different stimuli

[48]. It inhibits both inducible and constitutive NF-kB activation,

without interfering with DNA binding. Furthermore, it inhibits

the acetylation and nuclear localization of p65 and NF-kB reporter

gene expression. Downregulation of p300 by RNA interference

abrogated the effect of anacardic acid on NF-kB suppression. These

results indicate that anacardic acid 15 is a promising starting point

for further SAR development of HAT inhibitors. Unfortunately,

only IC50 values and no equilibrium-binding constants (K) have

been reported for the binding of anacardic acid 15 to HATs. It is,

therefore, difficult to judge the relative potency of anacardic acid

and related compounds. Another limitation is the absence of

published structural information to enable structure-based opti-

mization of the inhibitory potency.

a-Methylene-g-butyrolactones as HAT inhibitors
Compounds with an a-methylene-g-butyrolactone core structure

(i.e. 20) inhibit the HAT GCN5 [49]. This inhibitor class was

developed, based on the catalytic mechanism of GCN5. This

inhibitor class contains an a,b-unsaturated carbonyl that is prone

to Michael-addition of the thiol in the enzyme active site. Remark-

ably, the authors found no time dependence for the inhibition,

which is indicative of noncovalent binding.
946 www.drugdiscoverytoday.com
Isothiazolones as HAT inhibitors
The isothiazolones have been identified as inhibitors of PCAF

following high-throughput screening of a library of 69,000 com-

pounds [50]. The isothiazolone functionality is readily available

via organic synthesis [51] and can easily be modified with diverse

substitutions to enhance binding to the enzyme active site. The

isothiazolone core structure has been used as a starting point to

explore PCAF inhibition (Fig. 3, Table 1) [52]. The N-aliphatic-

substituted 5-chloroisothiazolone 25 shows an IC50 around 2–

3 mM, whereas N-aliphatic-substituted isothiazolone 24 shows less

than 50% inhibition at 10 mM. In the case of N-aromatic-substi-

tuted isothiazolones, the difference is much less pronounced.

Oxidation of the isothiazolone core 26 is possible with the reten-

tion of PCAF inhibition. The 5-chloroisothiazolone 25 inhibits cell

proliferation in micromolar concentrations, whereas isothiazo-

lone 24 shows less than 50% growth inhibition at 10 mM. This

indicates that the chlorine in the 5-position of N-aliphatic-sub-

stituted isothiazolones has a significant effect on their biological

activity. Another study investigated the inhibition of the HATs

p300 and PCAF by N-aromatic-substituted isothiazolones [53].

Increased PCAF and p300 inhibition were observed by changing

the N-phenyl to an N-pyridyl substituent. Alkyl substitution in the

4-position had little effect on activity (21 and 22), whereas alkyl
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substitution in the 5-position resulted in a significant reduction in

potency (21 and 23). These findings indicate that reaction with

the thiol of the enzyme active site is the main determinant of PCAF

inhibition by isothiazolones.

Reactivity of isothiazolones
It is well known that N-substituted isothiazolones are biologically

active. Several studies report antibacterial activity [54,55]. Some

isothiazolone derivatives have been patented as biocides and have

been used in shampoos and conditioners for over than 25 years

under the name KathonTMCG, which is claimed to be safe and

effective, although skin sensitization has been reported [56,57].

Morley et al. studied the antibacterial activity of a series of iso-

thiazolones and found that those with the highest activities have

chlorine at the 5-position [55]. They found a poor correlation

between antibacterial activity and the electronic properties of the

isothiazolone core. There is, however, a correlation between anti-

bacterial activity and solvation energy, which suggests that diffu-

sion plays an important role in their mode of action. Another

study reported that the kinetic rate constants of the reaction of the

isothiazolone core with 2-methyl-2-propanethiol lie in the order

27 > 28 > 29 > 30 (Fig. 3) [58]. It has been proposed that the

sulfur of the isothiazolone core reacts with thiol nucleophiles,

with concomitant cleavage of the S–N bond. A study on N-methyl-

isothiazolone 29 with a thiol nucleophile shows formation of the

intermediate 31 (Fig. 3) [57]. The reaction between 5-chloro-N-

methyl chloroisothiazolone 27 is expected to proceed through a

comparable intermediate 32; however, this intermediate has not

been identified. This might be because of the increased reactivity

of intermediate 32 because of the presence of the chlorine atom.

Conclusions
Therapeutic relevance of HATs
Although many studies have been published on the roles of

HATs in cell biology, many functions and interactions are yet

to be investigated fully. There are, however, several factors

complicating the analysis of HATs functions. HATs are often

part of large multiprotein complexes that determine their

specificity. HATs acetylate multiple targets and are regulated by
autoacetylation. Furthermore, some HAT knockdowns are lethal.

For these reasons, the validation of HATs as drug targets remains

a challenge. Nevertheless, the currently published studies, the

diverse role of HATs, the increasing numbers of HAT subtypes

that are being discovered and the increasing evidence that the

deregulation of epigenetic processes plays a key role in several

diseases hold promise for future therapeutic strategies focused

on HAT inhibition.

Reverse chemical genetics studies using small molecules as tools
Chemical genetics is an emerging strategy to overcome problems

encountered in classical genetic studies by the application of small

organic molecules that can selectively and temporarily alter pro-

tein function [59,60]. HATs can be targeted with small, cell-perme-

able molecules that bind to the enzyme active site. Small-molecule

modulators of protein–protein interaction are also potentially

promising tools for the modulation of gene transcription. They

often suffer, however, from low cell-permeability because of their

relatively large size [61–63]. Small-molecule HAT inhibitors are

useful tools to unravel the functions of HATs, where classical

genetic methods fail.

Future directions for the development of HAT inhibitors
Significant efforts have led to increased understanding of mole-

cular recognition of substrates and small-molecule inhibitors of

HATs. Nevertheless, the currently described inhibitor classes suffer

from low potency, a lack of specificity or low cell-permeability.

Future efforts should aim to solve these problems. The bisubstrate

inhibitors in which the histone peptide is connected to CoA are

subtype specific, but lack cell-permeability. Drug delivery strate-

gies, such as covalent linkage to cell-permeable peptides, went

some way to solving this problem, but did not result in druglike

inhibitors [38]. The crystal structure of the HAT GCN5 in complex

with a bisubstrate inhibitor has been published [39], which enables

structure-based inhibitor design. Several naturally occurring HAT

inhibitors have been reported, such as anacardic acid, garcinol and

curcumin. Recently, the binding configuration of garcinol has

been reported [44]. The design of improved HAT inhibitors

remains a major challenge for the future.
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